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NOTICE 

This report w a s  prepared as an account of Government-sponsored work. 
Neither the United States, nor the National Aeronautics and Space 
Administration (NASA), nor any person acting on behalf of NASA: 

a. Makes warranty or  representation, expressed o r  implied, with 
respect to the accuracy, completeness, or usefulness of the 
information contained in this report, o r  that the use of any 
information, apparatus, method, or process disclosed in this 
report may not infringe privately-owned rights; o r  

damages resulting from the use of any information, apparatus, 
method, process disclosed in this report. 

b. Assumes any liabilities with respect to the use of, or for 

A s  used above, Ifperson acting on behalf of NASA" includes any 
employee or contractor of NASA, or employee of such contractor, 
to the extent that such employees or contractor of NASA, or  employee 
of such contractor prepares, disseminates, or provides access to, 
any information pursuant to his employment with such cvntractur . 

Requests for copies of this report should b e  referred $0: 

National Aeronautics and Space Administration 
Office of Scientific and Technical Information 
Washington 25, D. C. 

Attention: AFSS-A 



SUMMARY 

This report refers to a small dc brushless motor with logic 
controlled semiconductor commutation power supply to provide reversi- 
bility and to include a speed control system. The objective of the work 
is to explore the possibility of building such a motor in a 314" diameter 
x 1 -1/4" length body. The work done covers the design development 
and testing of an engineering model including environmental tests, Per - 
formance tests were  conducted for motor operation in continual run 
and in a stepping mode with pulsed inputs, 

The running performance of the motor agreed quite well with the 
calculated performance, producing maximum efficiencies in  the region 
of 55% for the motor input only. The logic control power supply works 
and provides equally good performance in either direction. Operatioa 
of the  motor by 1 millisecond pukes  of voltage is nut satisfactory 
because the mechanical steps resulting are erratic and dependent upon 
the starting position of the motor rotor. The motor speed conb-01 has 
not worked satisfactorily because of instability when the loop system is 
closed. It is believed possible with fu r the r  analysis to find some method 
of system gain control to achieve stability in the speed-control system. 
Tests of the motor in the environmental conditions specified for shock 
and vibration were successfully passed. There is some indication of a 
lack uf stability in the sensor output which is believed to be the r e s u l t  
of construction of the sensors using separate parts encapsulated with 
an Epon resin, In general, it h a s  been demonstrated that it is feasible 
to build a dc brushless  motor in a size 0,750" diameter x 1.3 12" long 
and having the equivalent of a six bar commutator, and that control o€ 
motor direction of rotation can be obtained by a single reversing signal 
to the logic control of the commutation power supply, 
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1. CONTR.ACT SCOPE 

1.1 General, The contract covers the development of a smaU 

Brushless DC Motor and a breadboard electronic circuit with the general 

intent of obtaining minimum torque pulsations. A system of speed control 

by an external frequency controlled signal w a s  to be provided. The per - 
formance of the system in a pulsed input stepping mode was  to be eval- 

uate d. 

1.2 Performance Requirements in Specifications. The impor- 

tant performance requirements of JPL Spec GMY -50464 -DSN are 

repeated here €or completeness, comprising sections 3.3, 3.4 and 3.5, 

3.3.1 General- The Brushless DC. Motor does not utilize a 

commutator or brushes, Commutating shall be accomplished by a 

switching circuit, controlled by a shaft positioning sensor, 

3,3,2 Motor size, The outside diameter of the motor shaU 

be 0.75 inch. The length, exclusive of the shaft, s h a l l  not exceed 

1,25 inches. 

3.3.3 Mounting flange. The rnotur shall have a mounting 

flange, which wi l l  extend above the outside diameter specified in 

3,3.2. The mounting flange sha l l  conform to JPL Drawing A 129847, 

3.3.4 Motor speed. At  continuous operation, motor speed 

shal l  be 4500 rpm at 10 V with no external load. 

3.3.5 Efficiency. Efficiency shal l  be maximized within the 

constraints of the other specifications, 



3.3.6 Speed control. Motor speed shall be controlled by an 

external frequency of rectangular waveform, The speed control 

sha l l  be effective within the speed range between 200 and 8000 rpm. 

The external frequency of 2400 cps sha l l  r e su l t  in a motor speed of 

4500 rpm with speed variations of not more than 1.0 percent. 

3.3.7 Torque output. At continuous operation from lOV,  the 

motor shal l  be capable of developing a maximum torque of 40 gcm 

on the motor shaft  for a minimum period of 1.0 second. 

3.3.8 Stepping rate, On application of a low frequency, square 

wave, ac-voltage, the motor shal l  be capable of stepping at a rate 

of at  least 500 increments per second. Within the constraints of the 

other specifications, the maximum stepping rate shall be minimized. 

It is expected to be considerably higher than 500 increments per 

second, 

3.3.9 Shaft displacement. fn the stepping mode, the angle u€ 

rotation for each step s h a l l  depend only on t he  voitage applied to 

t h  constant voltage pulses, t h i s  ang€e sha l l  not vary 

percent, dependent o n  the shaft position This sha l l  

require a v e r y  uniform sGtor winding. Slot effects shall have to be 

minimized or  the slots may be eliminated by fixing the winding on 

the stator bore, 

3.3.10 Bearings. Minimum radial play ball bearings shall be 

used, The bearings shal l  not be preloaded and sha l l  be heavily 
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lubricated with GE Versilube F50, 

3-3.11 Runout, Runout of the motor &aft shdl  not exceed 

0.0003 inch totat indicator readout {tir). 

3.3-12 R.eliability, Throughout the &sign work, emphasis 

shall be placed on achieving the highest reliability 2nd longest life, 

3.4 R.adio -interference suppression (external and internal), 

The motor design sha l l  incorporate features to minimize external 

or internal interference with electrical or electronic equipment in 

accordance with the requirements of JPL Specification 30236, 

3.5 Environmental requirements. The motor shall operate 

within the electrical design requirements of this  specification 

following the environmental tests listed in  paragraphs 4.3.1 , 4.3.2, 

4.3.3. l a  4.3.3.3, of JPL Specification -302503.- 

1.3 Performance Requirements in  Statement of Work. The work 

program for the contract contains the  following performance and test 

requirements as stated b y  Art ic le  I. Statement of Work, Items I, 2 and 

3 as follows: 

(I) Design one (1) each engineering model of a brushless D.C. 

motor, in accordance with the requirements of JPL Design 

I f  Specification No. GMY -504 64, entitled, 

Telecommunications Development, Spacecraft Equipment, 

Design Specification, 

Brushless DC Motor," dated 8 June 1965. 

The design of the brushless D. C. motor shaU be subject to the 
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f 0110 wins 

€i) 

for the shaft and the extension is 0. 

extension of 318" beyond the face 

(ii) Bearings. The bearings s 

cated so to achieve minimal friction combined with 

long lifetime. 

In the  performance of the design effort of the brushless D. C. 

motor, the Contractor shall fully inform JPL of its progress 

and JPL sha l l  direct the effort toward a design most congruous 

with the overall performance requirements of spacecraft 

application described in JPL Design Specification GMY- 

50464 -DSN. 

(2) Develop and fabricate a n  engineering model of the brushless 

€3. C. motor and a Breadlooarb c i r c u i t  capable of demonstrat- 

ing conclusions of the design developed under paragraph (a)(l) 

set forth hereiat 

This work shall include the following: 

(ii) Punch sufficient lamina 

(3) Test and evaluate the brushless D.C. motor, The test 



evaluations shal l  be directed toward determining feasibility 

of the brushless D. C. motor design for subsequent 

spacecraft application described in JPL Specifi 

GMY -50464 -DSN, and shall include, but not necess 

limited to'the following: 

(i) The following motor characteristics shall be 

measured without employing the speed control circuit :  

(A) Motor speed, motor current, and overall 

efficiency v e r s u s  D. C. voltage at 0,10,20 gcm 

external torque applied to the motor shaft. 

(3) Motor speed, overall efficiency, motor current 

and output power versus shaft torque at IOV, 25V, 

and 40'57, 

(ii) The following motor characteristics shall be 

measured b y  employing t h e  speed control circuit: 

(A) P u l l  out torque versus Do 6. voltage at the 

stabilized motor speeds of 2000 RPM, 4500 RPM, 

and 8000 RPIW, 

(33) Determine required time to reach the stabilized 

speed of 4500 R.PM versus Do C. voltage with 

external load. 

(C) Overall efficiency of the  system at the stabilized 
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speed of 4500 RPM versus D. C, voltage at 

10 gcrn and 20 gcrn external load. 

(D} Motor speed v e r s u s  time during ac 

a stabilized speed of 4500 RPM 

load. 

(iii) The following stepping characteristics shall be 

measured without employing the speed control circuit: 

(A) Maximum and minimum shaft displacement 

depending on the  rotor position on application of 

one rectangular voltage pulse of 5OV, and a 

duration of 1 millisecond. 

(B) Waveform of the current on application of a pulse 

of 50V dur ing  1 rniftisecond. 

A Technical Direction Memorandum #I requested that the 

electronies package be built as a separate unit and need operate only 

in a room environment with a cable connection to the motor at least 

six f e e t  brig. 

1.4 Proposal Outline. A brief outline of our  proposal is presented 

in the following sections. 

1.4.1 Motor and Sensor. The original proposal for the motor 

design was based on a two pole, ten slot motor stator using ten- 

point commutation, which is equivalent to ten commutator bars 



per pair of poles in an ordinary type of motor. The motor size 

and outline were  to be made to agree with the specifie 

tion outlines. The sensor unit w a s  p 

magnetic type as used in other dc brushless mot0 

except that modifications would be needed to fit within the desire 

motor outlines. 

1.4.2 Speed Control. The motor speed w a s  to be controlled 

in a manner shown in the diagramatic sketch of A-2667. The square- 

wave signal control frequency is fed in on the left side of the cir- 

c u i t  diagram and actuates a one-shot multivibrator. The output of 

the multivibrator is a pulse having constant amplitude and constant 

width. A low-pass filter smooths this  signal into a dc signal whose 

amplitude varies directly with &e frequency of the multivibrator 

output signal. This dc signal output is fed into one side of a differ - 
entia1 amplifier. In a similar manner, the motor speed signal is 

derived from the voltage drop across one of the motor commutating 

transistors. This signal is fed in on the right side of the circuit 

diagram through a one -shot mulitvibrator and a low-pass filter to 

form a dc signal proportional to motor speed which is applied to the 

differential amplifier. The pulse width of the signal B' can be 

adjusted with respect to signal AI so that  a motor speed of 4500rpm, 

corresponding to 75 Hz, will  be equal to that 

sponding to 2400 Hz. Thus the  pulse width of 

-xvii 0 -  

of signal A' corre- 

the signal Bf will  be 



32 times as wide as signal Ax. The two low-pass filters wil l  have 

the same amplitude of dc signal and the net input to the &€ferentia1 

amplifier will be zero, with zero output to the variable volfa 

absorption circuit. If the two speeds are not in the balance of 32 

to 1, the higher frequency signal. will  have the higher amplitude of 

dc from its low-pass filter, The differential amplifier is to be 

arranged so that when the motor speed is higher than required, a 

voltage drop wi l l  r e s u l t  in the variable voltage absorption circuit. 

This wil l  decrease the voltage on the  motor and slow it down until 

the balance point is reached at t h e  governed speed setting. The 

sensitivity of control can be varied by adjusting the gain of the 

differential amplifier. 

1.4.3 Stepping Mode, The characteristics of the dc brushkss  

motor in a stepping mode are di€ficult to predict. The abillity of 

such a motor is dependent upon having a low mechanical moment 

of inertia and a low electrical inductance. Because of the nature of 

the design which of itself makes the motor mechanically small, the 

moment of inertia of ihe rotor wil l  be correspondingly small. Since 

the stator winding will be confined to a small volume its electrical 

inertia or inductance wi l l  also be small. Consequently, the machine 

theoretically wil l  have a high stepping rate because of its small 

size. For producing uniformity of steps regardless of geometricai 

position, it i s  certainly desirable to have as many commutation 



p-oints as possible to insure this uniformity. It therefore appeared 

very desirable that a minimum of ten-commutation points be 

chosen. 
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2. MOTOR. 'AND SENSOR. 

and 

2.1 General. For the main body of this report. the final motor 

sensor wil l  be discussed. Appendix I contains data on ad 

designs made prior to the f ina l  choice. Although it was  possible to 

build a motor in the 1.25" length allowed, enough improvement in per- 

formance was obtained by increasing the length to 1.3 12" to obtain 

approval for this greater length for the f inal  motor. Where the motor 

body size is quoted, this  includes the  sensor unit which is mounted in  

the motor case. After initial consideration of an 11 slot statorsit was 

finally decided to make the stator with 12 slots permits the choice of a 

ring or star winding with a minimum amount of coils such as six (6) 

f u l l  pitched coils, which can be connected in either ring or star man- 

ner. it was decided not to use the star  type a€ winding because the dis- 

sipation of the stored energy in the  armature coifs during commutation 

could re su l t  in added losses and possible commutation problems. Xn 

order to keep the  size of the motor stator to a minimum, the yoke rings 

whi& form the return path of the stator flux at the outer periphery were 

made from ferro-cobalt material which w a s  checked far magnetic 

properties after being hydrogen annealed, Low silicon content steel is 

used for the armature lamination. The details €or the lamination and 

punch are shown on drawings B-2751 and A-2752. The ID of the arma- 

ture laminations B-2 751, i s  0.313". After final assembly of the stator 

when it is encapsulated in  the case, this  ID is bored ou t  to 0,3425" 
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Leaving a nominal thickness of 0,003" between the ID and the bottom 

of the slots. Although some of the magnetic flux is shunted off by this 

bridge ring, any tendency towards slot lock effect is reduced by avoi 

ing the sharp permeance changes caused by open slas, The 

ing choice w a s  12 coils, each 82 turns per coil #38 N F  wire, f u l l  pitch, 

2 coil sides per slot and connected in a ring winding with 12 Leads 

coming off from the coif junction points. The resistance across the 

diameter of t h i s  ring winding measured 36.052 at room temperature, 

Alnico IX material w a s  chosen for the rotor magnet because this 

material h a s  a v e r y  high coercive intensity and energy product. The 

magnet is enclosed in a 303 stainless steel housing with a wall  thick- 

ness of 0.0143".An actual physical air gap of 0.0 O 5 I r  exists between the 

stainless steel rotor cover and the  fD  of the finished stator, This gives 

a 0.015" effective magnetic air gap. The overa€f length of the  stator 

staek and of the Alnico rotor is 0.372", with an overall motor length 

This motor design can eas i ly  be modified to ubtain more or less 

torque by changing the length of the stator stack and of the Alnico 

rotor. The overall motor length w i l l  change correspondingly, Th i s  5s 

shown on the generafized motor drawing B-2757 * .  X may be any value 

between 0.3'' and 1.00". 

2.2 Motor Construction, The f inal  motor assembly is shown on 

drawing B-2966,. This drawing shows the motor and sensor unit in 

cross-section, with the motor case encLosing this sensor housing at the 

end opposite the shaft extension, 

2.2.1 Stator. The motor stator consists of 26 laminations B-2151, 



These laminations are sprayed on one side with a n  epoxy adhesive and 

stacked in a s ~ k b l e  fixture with guide pins to align the slats and 

baked under heat and pressure to obtain a self supporting sta 

The OD of t h i s  stator stack is then turned to give a size to size to 

0.00.03" loose f i t  under the yoke ring lamination A-2752 which is 

assembled 011 it after the winding is in place, "he stator winding con- 

sists of 12  coils each 82 turns 838 HF wire. Each coil is inserted in  

the stator to have a full pitch (slot 1 to slat 7) and form a lap winding, 

Each coil will have one side in the lower part of a slot and one side in 

an upper part of another slot 180" away from the first slot, The winding 

thus looks sym'metrical. when viewed from the end and does not have any 

bulges such as may be produced when coils are wound unsymmetrically 

with one coil having both its sides in the upper halves of the slots which 

the  coil occupies. Each of the coils is connected to its following one 

{finish 1 - start 2) with a lead connected to the junction. Th i s  makes 12 

leads in all, which in an ordinary motor would be connected to a 12 bar 

commutator, Approximately 36 yoke rings A-2152 are ahen assembled 

un the OD of the stator. In order to reduce the winding overhang to a 

minimum, the winding pressing fixture A -281 2 is assembled on the 

winding so that the overhang is retained between two cylinders of met 

while a third cylinder is pressed down on the winding between-the other 

two cylinders in order to compact the winding. This is necessary in 



order to hold the overall length to the required minimum, Slots are 

provided in the pressing cylinder for the twelve leads to emerge from 

the winding overhang, The winding is impregnated with a suitab 

electrical varnish and baked. During the baking cycle, the winding 

overhang is held under a v e r y  light pressure so that it will  not expand. 

The OD of the yoke rings is then finished concentric to the stator tunnel 

j u s t  enough to clean off the  excess varnish and lightly touch the metal 

surface, so the assembly will  f i t  i n  the case with a slide fit. It is 

important to maintain concentricity during th i s  and following finishing 

operations so that the final bridge r ing will be uniform. The stator is 

assembled in the motor case and the  leads brought out through the 

appropriate grommet exit hole, The stator assembly is then encapsu- 

lated in this  case with a suitable epoxy encapsulating resin. During th0 

encapsulation baking cycle a teflon plug must be pushed into the open 

end  of the case so that the encapsulated stator length wil l  not exceed its 

specified value. After the encapsulating resin h a s  hardened* the stator 

tunnel is finished to its final size of 8,343" nominal, At the same setting, 

the front bearing tube is also finished to f i t  the SR2-5PPK25 bearings. 

The €it should be a very light thumb press  fit in  the bearing tube section, 

2.2.2 R.otor. The rotor assembly is described in A-2821. The 

Alnico IX rotor could not be purchased in the form of a cylinder magnet- 

ized across its diameter. It was necessary to take a larger slug of 



material 1" in  diameter and 1" in length with its magnetic axis along 

the 1" length. A f l a t  was  cu t  from it so that the magnetic axis of 

flat was perpendicular to the 0.372" length. A round cylinder was  

from th is  slab using a copper cylindrical lap and abrasive grinding 

powders. The cylindrical lap was  rotated while being intermittently 

pressed down against the magnet slab with a mixture of oil and 

abrasive powders puddled on the work surface. This gradually cut a 

c i r cu la r  groove through the slab and left the desired cylindrical magnek 

in the center of the lap but  with an oversized diameter. The magnet 

cylinder w a s  then finished to size on its OD after first cementing two 

soft steel cylindrical faces on the ends of the magnet and putting centers 

in these soft faces for mounting in the  grinder. It is necessary to main?. 

tain pressure on the centers and grind extremely slowly as the cement 

joint and the Alnico Lx itself are quite weak. This  is fortunate because 

a strong bond would probably break the Alnico when trying to release 

the pole faces after the grinding operation. The t w o  303 stainless steel 

haEves of the shaft shown on A-282k are then pressed over the cyUndrC- 

cal magnet with loctite Type A adhesive. The relief holes shown permit 

the excess adhesive to escape from under the flat faces of the ends of 

the cylindrical magnet. The 303 stainless steel shaft par ts  were  left 

oversized to they could be finished after the  final assembly on the 

Alnico IX magnet and t h u s  assure concentricity and straightness for the 



final rotor assembly. When the rotor is finished to its final size the 

303 stainless she l l  wi l l  be 0,010" radial thickness over  the magnet and 

0.010" smaller in  diameter than the stator tunnel, therefore giving a 

radial magnetic gap of 0.015" with a physical gap of 0,005". When the 

rotor is assembled in its stator, the axial clearance is held to the 

. order of 0.001", but with no preload. SR2-5PPK25 bearings lubricated 

with the F-50 Vers i lube  oil are used. The axial end play is held to a 

workable minimum because the axial air gap in  the sensor unit must 

be kept at a reasonably close value in order to maintain the electrical 

performance characteristics. The remaining assembly procedures on 

the motor will  be treated in  the section on the sensor. 

2.3 Sensor Construction The basic stationary elements of the 

sensor are an oscillator coil mounted on a ferrite core piece, twelve 

pickup coils and twelve ferrite poles on which the coils are molt&?# 

and the enclosing case, The rdat ing element is a ferrite armature 

mounted in a cupped afuminum piece which in turn is mounted on the 

shaft, The ferrite armature forms the magnetic path for the flux of the 

oscillator coil as  it passes through the center section of the ferrite core 

piece across the axial air gap to the ferrite armature and thence out to 

the a rm of the armature. The magnetic flux then crosses the axial gap 

from the armature arm to the stationary ferrite pole pieces and down 

the pole piece to the ferrite core section, As the flux passes down each 



of the poks it produces a voltage in the coil on that pole, Each coil5n 

turn wil l  produce a higher voltage during the interval when it is 

covered by the rotating armature which occurs once per revolution 

of the shaft, - .. 
. "  

2.3.1 Uscilrator Coil. 

on A-2801. The OD is deliberately made large so that holes in the 

The bobbin of the oscillator coil is shown 

flange can be provided to position the ferrite poles. The coil winding 

consists of 73 turns #35 H F  wire with a resistance of 1.9352, or 2.56Q 

with 15" of #32 lead wire. This coil only occupies the space below the 

twelve ferrite poles and the leads come out to the exterior between 

the pole pieces, In the left hand flange, which is relatively thick, 

there a re  twelve counterbored holes surrounding the  holes for the 

poles, These counterbored hoies receive the sensor pole bobbins. The 

thick walled flange of the oscillator coil bobbin also serves to give a 

good mounting surface for the crown terminal ring A-2967. This 

part is used as t h e  connection point for all the leads of the sensor coils 

and forms the common connection. The heavy flange also permits the 

mounting of twelve terminal pins A-2968, to which the remaining 

w i r e  from each sensor coil is connected. 

2.3.2 Ferrite Sensor Core. The ferrite core of the sensor is 

designed to be made from a standard ferrite piece CF 202 #F9?5. Some 

grinding is required as shown by the detail A-2763. Special tooling to 



form ferrite parts is quite expensive so the design was  based on trying 

to use  standard available parts with the minimum of grinding. 

2.3.3 Ferrite Sensor Pole. The ferrite sensor pole A-2778 has 

also been designed to use a standard part with the minimum amount of 

rework. In this  case, the part is available in longer lengths which must 
- .- - - - - 

be c u t  off to the size shown. This can be done by careful  grinding for 

larger parts or by sanding with emery discs or belt sanders. 

2.3.4 Ferrite Sensor Armature. The ferrite sensor armature is 

shown on A-2843 and h a s  been designed so tha t  it can be made from a 

standard cup core by grinding. It was found later that the lobe shape 

a rm can be formed from a part with a complete flanged end by using a n  

emery disc to grind away the unused flange portian. This is of value 

from an experimental standpoint as it permits a differently shaped lobe 

to be formed relatively easily. Because of the weakness of the material, 

it cannot be mounted directly on the shaft but must be cemented into a 

sensor armature hub A-2779. Due to the dissymmetry caused by the 

ferri te lobe, t h e  assembly would be quite unbalanced. This was  cornpen- 

sated partially by cementing a thinner brass  duplicate of the ferrite lobe 

shape on the opposite side of the hub, This accomplished only a gross 

correction and the assembly w a s  finally statically balanced This was 

done by mounting the assembled hub on a 0,005" Loose shaft and vibrating 

the shaft axially. The vibration greatly mihimized the static friction and 



the hub part would rotate to bring its heavy side down Excess cement 

and some of the aluminum hub were  ground off to lighten the heavy side 

until no fu r the r  action was observed. The limit of detection was the 

equivalent of a piece of 0.005" adhesive tape 3/16'' square. No dynamic 

balancing was  done. 

2.3.5 Sensor Pole Coil, The sensor coil consists of 80 turns of 

#41 H F  wire wound on the sensor bobbin A-2777. No leads were 

attached as the design is aimed toward the elimination uf stranded 

w i r e  leads attached directly to the coils, A preliminary design was 

tried with stranded lead wires attached to the coils and found to be 

impracticable . The leads could not be tied down to the coif bobbins 

without making such  a large lump that it w a s  impossible to f i t  the coils 

in. After some attempts using stranded lead w i r e s  the methad w a s  

abandoned in  favor of the system described in the following sections, 

2.3.6 Sensor Case. The housing which encloses the stationary 

sensor assembly is shown on A-2814. This sensor case f i ts  into the 

motor housing by spreading the end of the motor housing sufficiently 

for the sensor housing to pass under the tapered section at the end o€ 

the motor housing, The motor housing wil l  not spread sufficiently with 

only the lead slot and it is necessary to cu t  three 0.015'' wide slots 

5/16''  long at 90° intervals so the end can be spread open to admit the 

sensor housing. In order to insure a locking action, a 3/16'' ring 



0,012" thick is pressed over the motor housing which clamps the 

sensor housing securely. 

2.3.7 Sensor Assembly. The sensor assembly procedure involva 

the two main steps of assembling the parts and soldering leads to the 

terminal pins. The first step is mounting the crown terminal ring on 

the wound oscillator coil, and then placing th i s  on the ferrite sensor 

core. The twelve ferrite poles are  pushed into position and the twelve 

sensor coils pushed over the ferrite poles. The twelve terminal pins 

are also pushed into their  holes in the bobbin but not completely 

because the pins a re  heated when the leads a re  soldered on and i€ they 

are not fully seated, the nylon bobbin is heated less. The sensor coils 

are wound so that  the s tar t  and finish leads are  easi ly  discerned and 

t he  winding direction is kept the same. Each sensor coil has  one coil 

end soldered to the crown terminal ring and the other end soldered to a 

terminal pin. Due to the fact that  the electrical load on the sensor coils 

is a half-wave rectifier, the best method of connecting the coils is to 

have adjacent coils connected in opposite polarity. This means that 

coil #l h a s  its s tak t  connected to the common crown terminal ring, 

coil #2 has  its finish connected to the common crown terminal ring, 

and so on. This connection avoids the possibility of three adjacent coils 

with the same polarity connection producing a dc component of current 

and magnetic flux i n  the sensor. After  completing th i s  lead soldering 
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the  t e r m i d  pins are pushed into the bobbin and the leads arranged 

visually so there is m shorting, The external leads for the sensor 

coils are then soldered to the opposite ends of the terminal pins with 

the common lead soldered to the tab of the crown terminal ring, 

Considerable care must be taken with heating to prevent the unsolder- 

ing of the coil Iead on each terminal pin when the external lead is 

attached. A heat sink on the coil end of the pin helps in t h i s  operation, 

2.3 -8  Sensor Encapsulation. The sensor encapsulation is done 

with the encapsulation f ix ture  A-2813, There is no great need for con- 

centricity of the various parts of the assembly because the axial air 

gap makes the axial dimensions of greater importance, In the fixture 

there is a central tenon plug which forms the clearance hole in the 

center of the assembly and also blocks off the center hole in the ferrite 

core piece. A piece of 0.007" teflon sheet blocks the open end of the 

assembly. The teflon sheet is backed up by a sheet of rubber and this 

in turn by an aluminum block which presses the par ts  together. Any 

clamp can be used and this is not shown. The rubber allows for the 

varying height of the sensor poles and presses these poles down 

against the flange of the ferrite core piece so that the air gap at the 

joint is a minimum. Also the pressure of the  rubber against the sensor 

pole makes an indentation which results in a fillet of plastic material 

around the sensor pole. This is helpful in  supporting the ferrite poles 



for the final operation where the face is lightly ground until the pole 

heights are even. Epon 828 resin (Shell Chemical) is used for encap- 

sulation because it is quite fluid when warmed. Even so, it was  found 

very difficult to eliminate pockets when the material was  poured into 

the  pouring slot at the top. (A similar unit was made for another SPL 

job and the entire fixture was  immersed in  the Epon resin and a 

vacuum pumped to extract the air from the assembly. This worked 

much better as regards elimination of voids. ) After encapsulation, the 

uni t  is cleaned up and then baked in the fixture at llOoG for a minimum 

of 4 hours. The ends of the  ferrite poles are  lightly ground to give a 

0,004" - 0.007'' smaller air gap than the core axial gap. The final 

assembled axial gaps are 0,004" - 0.006" for the sensor poles an& 

0.011" €or the center gap between the armature and the ferrite core. 

3. ELECTRONIC COMMUTATOR. 

3.1 General. The electronic commutator consists of the shaft 

position sensor, logic circuits and the power switches. Its purpose is 

to connect a11 12 motor coils alternately and at the right time with the 

right polarity to the de power supply. A "Direction of R.utation" command 

signal R.in is given to the commutator. If R.in is at 4- 5 V, the motor 

sha l l  run in a clockwise direction if viewed from the shaf t  side and if 

. 

R*in is at 0 V, the motor shal l  r u n  counterclockwise. The description " I ~- -- 

of the electronic commutator in this section applies to the present 

condition of the  unit  and after the numerous changes made in the system 

-xxxi - 



during the experimental phase. A summary of the experimental changes 

will  be found in Appendix II. 
) 

The battery voltage supply is separated into two sections, a +5 V 

section and a -19 V section, The t 5 V is required for the logic circuits 

.and the -19 V is the balance necessary to form a total of 24 V, the usua l  

\ 

supply voltage. 

3.2 Shaft position sensor electronics. 

3.2.1 Oscillator. The oscillator coil of the shaft  position sensor 

is excited with a sinusoidal current of high frequency. The oscillator is 

shown on detail A-2839. it is constructed as a separate unit on its own 

circuit board and produces a good sinusoidal waveform .with no detectable 

dc component. The sensor unit needs a true ac excitation wi th  as smaU 

A 

- 

a dc component as possible to avoid such difficu€ties as magnetic satura- 

tion of the ferrite parts in  the sensor o r  distortion of the signal output 

from the sensor. If dc were applied to the sensor primary coil, as the 

sensor armature moves across a coil pole there would be a positixe 

voltage signal as it entered the pole and a negative voltage as 3 €eft the 

pole, This would be of relatively small magnitude arid probably not 

usually troublesome, However, since an ac output oscillator is easily 

made it is preferable to avoid these possible difficulties. The sensor 

primary (exciting) COU is the "L" in the circuit and it forms a tank cir- 

cui t  with the tuning capacitor C . The circuit as finally used requires 

20.8 volts battery with an input of 5.1 mA or 106 mW. The oscillator 

11 I t  



frequency is approximately 105 kHz. This frequency is not at all critical 

because the sensor is essentially a transformer where a voltage in  the 

primary (exciting) coil is transformed into a voltage in the individual 

sensor coils and this  transformation ratio is not dependent upon the fre- 

quency directly. 

3.2.2 Signal Conditioner. As shown on schematic A-2866, the 12 

individual coils of the sensor are connected to a common ground, and the 

other 12  leads going to the commutation circuits. The high frequency 

voltages from these 12 leads are  modulated with the  shaf t  position infor- 

mation. Demodulation is aecomplished by rectification and filtering of 

each of the 12 sensor output signals. The resulting signal is a dc voltage 

whose amplitude is determined by the sensor rotating armature position. 

Schematic A-2780A Rev, 33 shows on the left side the demodulators for 

two of the 12 sensor outputs. These signals are subsequently ampfi€ied 

and squared by  an SN17910 operational amplifier in  series with SG220 

integrated circui t ,  The SG220 is aQuad 2-Input NANDINOR. Gate made by 

Sylvania used here as an inverter, 

3.2.2.1 Sensor Signal. Signals from two sensor coils are shown 

on the accompanying oscillograms, with the coils connected to the 

demodulator circuit. These w e r e  taken at 4500 rpm no-load and show 

the envelope of the high frequency signal. The oscillator voltage was 

made the minimum so that there w a s  no signs of transistor cu t  off when 

viewing the dc battery supply current. Note there is a minimum signal 
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of approximately 0.6V p-p through a large part of a revolution of the 

. .  

AG Coil Output Voltage 
Sweep: 5 rnslcm x 2 
Vert: 0.5 V/cm 

4500 rpm No Load 

Upper: Orange Sensor 
(Low est Output Sensor) 

Lower: Violet Sensor 

Coils connected to rectifier circuit. 
(Highest Output Sensor) 

The orange sensor had the lowest output. The violet sensor eighest) 

had corresponding values of 0.7 V p-p. The upper lobe shows the 

positive polarity part of the signal which is rectified by the half wave 

rectifier, with a peak of 1.45 V for the orange sensor and 1.51 V for 

the violet sensor. The lower lobe, the negative cycle is for the non- 

rectifying part of the cycle due to the rectifier being half-wave. The 

peak voltage of the envelope are 1.7 and 1,9V respectively. 

3.2 . 2.2 Demodulation of Sensor Signal, The sensor signal voltage 

of 3.2.2.1 is fed to a half wave rectifier such as CR.1 on A-2780A and 



to  a simple 

whose output becomes a signal input to the SN 17910. The demodulated 

r circuit of a 0.1 p F  capacitor and a 10 KO resistor, 

signals are shot 

voltages of' 3.2,2*1 

below for the same conditions as the sensor coil 

DC Output To 17910 Base 
Sweep: 5 ms/cm x 2 
Vert: 0.5 V/em 

1 
4500 rpm No Load 

Upper: Orange Sensor 

I 

Lower: Vio le t  Sensor 

: 
t 
i 
1 
I 
1 

The peak values are approximately 0.8 - 0.9 V dc. Because the diode 

h a s  a rortghlly eonstant conduction voltage drop of 0.6 V, the minimum 

ac sentsar si does not pass through the rectifier c i rcu i t  and become 

a dc v o h g e ,  The signal is not a square  wave shape, particularly the 

trailing edge which shows a trail off typical of a C-R circuit. Th 

time is therefore slightly dependent upon the voltage level. 



3.2.2.3 Ampl i f i ca t ion  of Sensor Signal. The SN 17910 uni t  r e c e i v e s  

the  demodu la t ed  s i g n a l s  as d e s c r i b e d  in  3.2.2.2 a n d  inverts a n d  

s q u a r e s  t h e s e  off while  ampl i fy ing  t h e m  as r e g a r d s  to voltage.  The  

SN 17910 t u r n s  on b e t w e e n  a s i g n a l  level of 0.6V to j u s t  start and 

0.72 V to be  fu l ly  conduct ing.  At a l e v e l  of 0.7 V ,  t h e  "on" time f o r  

t he  s i g n a l  would b e  abou t  8.5 to 10.5% of the f u l l  cyc le .  T h e  output  

of the SN 17910 uni t  is shown  below. T h e  normal output  with zero 

s i g n a l  is s u b s t a n t i a l l y  5 V a n d  with su f f i c i en t  s i g n a l  t o  a c t u a t e  the 

unit ,  t he  output  is a p p r o x i m a t e l y  zero vol ts .  T h u s  the s i g n a l  is 

i n v e r t e d  while  b e i n g  vol tage  ampl i f ied .  Note that  t h e  "on" time f o r  

t he  s i g n a l  is a p p r o x i m a t e l y  8 to 11% of the  total time which is rough ly  

the same as e s t i m a t e d  from the demodu la t ed  s e n s o r  s i g n a l  of 3.2.2.2.  

DC Output from 17910 
Sweep: 5 ms/cm x 2 
Ver t :  2 v I c r n  

4500 rpm No Load 

Upper:  Orange Sensor 

Lower :  Vio le t  Sensor 
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- The inverted sensor signal is fed into the SG220 to be inverted again 

and to be compatible with the logic circuit .  The SX 17010 and the 

SG220 together form a non-inverting amplifier and signal conditione 

One of the SG220 is also being used to invert the "direction of rota- 

tion" command Rin and to increase the fan-out of .Rin so it can drive 

all gates of the logic circuit. It shall  be noted that the amplifiers are 

only needed because  of the low power of the shaft position sensor out- 

puts. If it had been possible to build a somewhat larger sensor struc- 

t u r e ,  the demodulated sensor signals could drive the  logic c i rcu i t s  

without amplification. 

er Switches. A s  shown on schematic A-2866 the  12 motor 3.3 Pow 
- 

I 



This is analogous to the conventional dc motor, the only difference 

being the electronic switching instead of the mechanical siwitching. 

Only one out of the six pairs of junction points needs to be con- 

nected to the power supply at a time. Timing is controlled. by the six 

pairs of sensor signals. Therefore, the commutating circuits consist of 

six identical groups working completely independent of each other. One 

such group is shown in schematic A-2780A, These groups become 

activated one after t h e  other as the rotor rotates. The sensor, which is 

in the '*on''-state, determines which group is activated- 

Each power switch has  to supply current to opposite junctiunpobts 

of the ring winding in both directions. The circuit is shown on the right 

side of detail A-Z?80A, It is a bridge circuit, consistingof the p w e r  

transistors Q3 through Qs and the base drivers Q, arid Q,. If base 

driver Q1 is in the "on*' condition, current wi l l  be allowed to fluw from 

the positive terminal of the power  supply through transistor Q3, the  

mutor ring winding, and transistor Q6 to the negative terminal of the 

power supply, If base driver 9 2  is on, current wil l  flow in the opposite 

direction through the ring winding, causing the  motor to run in the 

opposite direction. This  is similar to the reversal of polarity applied to 

the brushes of a conventional de motor causing it to reverse rotation. 

Both base drivers Q1 and Q2 are  never allowed to be on simultaneousky, 

Reverse polarity diodes CR.3 through CR6 have been placed across 



the collector -emitter of the power tran 

diodes prevent voltage spikes on the collectors 

during the switching off of the inductive 

secondary pass over which these 

energy is exhausted. 

Theoretically, only one out of the six power switches needs to 

operate at  a time. However, this cannot be accomplished precisely 

because the power switch 

sensor outputs is sufficiently high. The "on"-time of the sensor outputs 

cannot be controlled very precisely. In order to avoid any shaft position 

at which no current is flowing, the "on"-time of the sensor outputs is 

made long enough to provide considerable overlap between succeeding 

operates as long as one of the two associated 

sensor signals. The consequence is that alternately one and two power 

switches a r e  feeding current into the ring winding. This results in 

temporary shorting of individual motor coils. But since these coils 

are passing through the neutral zone of the rotor field at that time, no 

harmful effects occur, This is also in analogy to the conventional de 

motor. 

3.4 This circuit enerates the proper w 

to control the power switches. Only the reversible motor needs a log 

circuit. The unidirectional motor would use the amplified sensor signals 

directly to actuate the power switches. The logic circuit of each group 
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h a s  four  inputs: the sensor signals X and m C 6 )  and the  "Direction of 

R.otationts command ai, as well  as its complement Rin. The logic cir- 

cu i t  of e a c h  group has  two outputs Q1 and Qz which control one po 

- 

X X+6 Rin 

0 0 0 
1 0 0 

0 1 0 
1 1 0 

0 0 1 

switch. 

Ql Q2 

1 1 
1 0 

0 1 - - 
1 1 

If Q1 is low, c u r r e n t  sha l l  flow into junction point MI and out  of point 

Mz . If Q2 is low, c u r r e n t  sha l l  f low backwards. The t ruth table f o r  

1 0 1 

0 1 1 

1 1 1 

t h i s  logic is: 

0 1 

1 0 
... - 

Tak ing  advantage of the  fact that  X and (X+ 6) are never  "on" simul-  

taneously,  the  simplest Boolean equakions are: 



The hardware consists of a Sylvania SG220 Quad 2-Input NAND/NOR 

Gate 

hawe 

This means that the output signal will  a lways be unity unless both input - 

integrated circuit, Each contains four 

the logic p 

t I 1 I 

signals are unity. If both input signals a re  unity then the output signal is 

zero. The unity signal corresponds to roughly 3.5 to 4 V and the zero 

signal to approximately 0.25V. I€ the outputs of 2 NAND Gates  are tied 

together, the circui t  wil l  perform the function expressed in each of the 

Boolean equations above. Fig, 1 shows in tabular form how the logic 

sequence occurs for a pair of sensors "X" and "X + 6" which are separated 

by 180° on the motor, To help in the descriptive des imt ion ,  each o€ the 

four NAND Gates comprising an SG 220 unit is designated by its output 

terminal as a subscript with a number- indicating whether it is the fir$& 

or second SG220 unit. Thus the first four NAND Gates  of number one 

SG220 win be designated as 1 ~ .  1 1K and l p  Th 

d as A1, €31 or AZ, B2 depending upon whether they are the first 

o r  second AG u 

Referring to Fig. 1, it can be seen that each of the four NAND Gates 
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of integrated circuit AG1 has one of its inputs maintained at Lar&ty 

because they are connected to the + 5 V  line, The unkt 1c in the 

signal from the 17910 which has already inver 

sensor so that in effect the output terminal C1 is always the same bgiC 

state as  the "X" signal. The same procedure fallows for te rmha1 GI 

with respect to the "X C 6" signal. K I  w i l l  a lways be the inverse of R.in 

and N l  be the Same as R5n. The output of N is used to drive the 1' 
remaining five commutation logic circuits. This procedure is necessar y 

because it was requested that R h  signal input be kept to the €owest 

possible power requirement. The table in Fig. 1 under AG 1 shows all 

t he  possible combinations €or the inputs of "X", "X + 6" and R . b  The 

first two r o w s  show the signal "X" is on and the "X + 6" is off, R b  may 

be forward or reverse as shown. The next two- r o w s  show "X i 6" being 

on and "X" being off, again with R h  being forward or reverse, The final. 

two rows show the conditions where "X" and "X +6" are both off, with 

€tin being forward or reverse. For these last two con&tiozw, one or two 

of the other five commutation circuits ~€11 be activated. The condition 

that  "X" and "X 3.6" are  both uni ty  does not occur in actuality and there- 

fore is not included in the logic table. 

All of the inputs of Integrated Circuit AG2 may fluctuate from zero 

to unity. As was  stated in  the previous section, it can be seen that the 

inputs A2 and 12 follow exactly the logic of the "X" signal and E2 and RlI2 

follow the logic of the "X + 6" signal. R.e€erring to the top line of the table 



so as to demonstrate the sequence of the 1QfgiC 

si-1 is '*om'' and thus at unity, the "X 4- 6:' signal is d'f and th 

zero and the Rb sigma1 is at unity, A2 and 12 fo lhw the "X" Signal and 

are  therefore unity. E2 and Mz follow the "X -?- 6" signal a d  are there- 

fore zero, B2 and L2 are the inverse of R.in and there€ore zero. F2 and 

H 2  are the same as R.in isnd: therefore unity. The only one of the four 

NAND G a t e s  having two unity inputs and therefore a zero output is Z1(. 

R-eferring to the circuit A-2?80Aa when K2 goes to zero the base of QI 

transistor conducts current and turns on the transistors Q , Q3' and QS- 

This a l lows  current to flow to the right as shown in the armature current 

direction sketch on Fig. 1 or as seen on circuit A-2780A. It should be 

noted that when K2 is zero, the unity output of N2 is pulled down to zero, 

The second fine of the table has  similar conditions of "X" being OIL and 

"X + 6" being off but with a reversing signal Bin now being zero. If the 

logic sequence is followed through in the same manner it wil l  be found 

that the "on" transistor is now Q2 which also turns on QQ and Q5 (see 

A-2780A). This means that the current in the armature goes from right 

to €eft and therefore the direction of motor rotation wil l  be reversed. A 

shilar sequence of evea€s wil l  be found in lines 3 and 4 but Vvith a con- 

dition that "X+6'@ is on and "X" is off. The current direction in the arma- 

ture  is reversed from the first two lines for the same direction of rotation. 

1 

This is a requirement 

from its first position 

because the rotor h a s  turned one-halt a revolution 

when "X" w a s  on and the armature current must 
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reverse in order to maintain torque in the same direction as before. The 

last two lines merely show that when "X" and "X + 6" are off, there is no 

current flowing into the armature from the circuit being considere 

this time, one or two of the remaining five commu 

conducting current to the armature binding. A s  mentioned before, the 

n circuits will be 

logic and commutation schematic of Fig. 1 and A-2780A is repeated a 

total of six times or six circuits control a total of twelve armature 

winding input points, The arrangement of these six circuits on one board 

is shown on A-2888, which also shows the various input terminals to each 

circuit. 

4. TACHOMETER CIRCULT. The shaft position sensor delivers 

one positive voltage pulse at  each of 1 2  outptit lines for every shaft revo- 

lution. Any one of the 12 sensor signals can therefore be considered a 

tachometer signal and c o u l d  be used for speed control, 

The pulses on the 12 sensor output lines appear one after the other 

as the shaft rotates due to the equal spacing of t h e  sensor coils inside the 

motor. €€ these pulses would be sufficiently short to not overlap, the 12 

sensor signals could be logically added to provide a string of 12 pulses 

per shaf t  revolution. This would provide the sensor with the  capability of 

a tachometer having a resolution of 12 pulses per shaf t  revolution. 

The puXse isolation amplifier h a s  been designed to generate a 

narrow trigger pulse on the leading edge of every shaf t  position sensor 



output pulse. Twelve pulse isolation amplifiers, as shown on A-2865, 

are connected to the 12 outputs of the logic circuit. The outputs of all 

isolation amplifiers are tied together-and form the tachorne 

narrow voltage pulse appears on this line whenever the  motor shaft has 

rotated by 30 degs, 

5, SPEED CONTROL CLRCUIT, The specifications call for a 

control frequency of 2400 Hz to result in a motor speed of 4500 rprn, 

Because twelve pulses per motor revolution are now available, the motor 

produces a tachometer frequency of 900 H e  at 4500 rpm. A comparison 

of the  frequencies is tabulated below, 

Motor Speed Control Frequency Tachometer 
Frequency 

8000 
4500 

2000 

200 

4260 

2 400 

1065 
108.5 

1600 
901) 

400 
40 

The speed control c i r cu i t  generates a fK: voltage proportion& to %he 

control frequency and another DC voltage proportional to the tachometer 

frequency with the same proportionality factor. The two DC voltages are 

compared by a differential amplifier, which controls a motor current 

regulator see A-2667. The circuits are adjusted so that at a control 

frequency of 2400 Hz and a motor speed of 4,500 rpm the error signal 



of the differential amplifier is zero. This will cause the regulator to 

supply the motor with j u s t  enough cu r ren t  ta ma this speed. When- 

ever the speed deviates from 4,500 rpm, a, positive or negat 

signal will  be generated hy the differential amplifier causing the regu- 

lator to supply the motor with more or less current, 

The speed control c i r cu i t  is shown on A-2912, The tachometer 

signal from the twelve pulse isolation circuits are fed into the right hand 

side of the speed control c i r cu i t  A-2972. The first section is a one-shot 

multivibrator. This takes each signal pulse input and generates a con- 

stant width pulse output to a simple filter circuit  RIC1. T.-,e output of the 

filter c i r c u i t  becomes a signal to terminal 3 of the differential amplifier 

SN 724 L, The zener diode CR5 holds pin 2 at some potential higher than 

the -19 V input. The zener CRg has  an 11.8 V total in this unit. On the 

left ?and side of the c i r c u i t  A-2972, a simiiar one-shot multivibtator 

and filter circuit operates on the control frequency in the same manner, 

The only difference in the two multivibrator c i rcui ts  is the value of the 

capacitors C5 aad Cs which must be chosen to give the proper pulse Width 

for each section so tha t  a balance is reached in the differential ampUfier. 

The output of the differential amplifier appears on pin 6 and first passes 

through a zener diode CR3 of 5.6V. This zener diode insures that the 

base of Qz transistor wil l  a lways  be negative with respect to the zero 

volts input to the  collector of Q2. Qz and Q4 are an emitter follower 
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configuration where Q is a larger transistor which actually regulates 

the motor current, The values  for all the parts are shown on the "Parts 

List for Speed Control Circuit" A-2972 Sugp. 

5.1 Speed Control Circuit Operation Assume that the motor has 

been running at  some present speed in a stable manner and then has 

slowed down due to some mechanical load increase, Due to the s lower 

speed, the  tachometer frequency is lower and integrates to a lower dc 

signal applied to pin 3 of the operational amplifier SN 724. The unbalance 

between pin 1 and 3 signals resul ts  in a higher voltage at pin 6 which 

results in  a higher base current to Q2 and greater base current on Q4 

with a resultant higher collector -emitter current. This  applies more 

cur ren t  to the  motor which then speeds up. As the motor once more 

approaches the desired control speed, the signal at pins 1 and 3 of 

SN724L approach toward balance and the voltage on pin 6 faus, In so 

doing, the base drive currents of Q2 and Q4 decrease and the collector- 

emitter current of Q4, which is also the motor current decreases, unti) 

equilibrium is once more established. If the opposite unbalance occurs, 

with the motgr speed rising beyond the desired controlled speed, an 

opposite sequence of events occurs, 

6. MOTOR. PER.FORMANCE 

6.1 General. For this section of the report, the motor perform- 

ance w i l l  be discussed for the motor as it now exists at  the end of the 



.development work. Where necessary, the commutator performance is 

discussed at the same time because the components are so intimately 

connected that it is difficult to quote performance of the motor w 

simultaneously Considering the commutator. Three modes of operation 

a re  discussed; operation as a motor with constant voltage or constant 
- - - - 

torque, operation as a speed-controlled motor and operation as a 

stepper motor with pulsed electrical inputs. 

6.2 Motor Performance at Constant Load. Section (3, i,A) of the 

JPL Work Statement requires a test of the mobr unit at zero, $0 and 

20 g-cm shaft external torque applied to the motor shaft. These tests 

were made and the r e s u l t s  are summarized on  cu rve  sheets M-2406, 

M-2407 and M-2408, The data are plotted against the total voltage input 

to the commutator as the axis of abscissa. Since the voltage shown is the 

actual battery voltage to the commutator, the motor power inputs shown 

include the loss in the power switches which mainly is the drop across 

each collector -emitter of the output transistors. The efficiencies shown 

. .. 

are for  the actual  shaft output brque  and also include t h i s  loss in the 

power switches. The power required for the logic circuit,sensor oscil- 

lator and the bases of the final output transistors is not included as part 

of this  power input to the motor. The actual shaft  efficiencies reach a 

peak of 50 to 55% which is reasonable considering the small size of the 

motor, 



6.2.1 t the time of 

making the design, the motor c <aracteristics were  computed at a 

constant speed of ;4500 rpm for variable loads and plotted on curve 

M-2283. This curve shows the electromagnetic torque output of the 

motor but does not *include the iron loss which would. add an estimated 

6.5 mA of current input to the values shown for the motor. In order to 

make a comparison of the computed and actual performance, the 

computed curve data of M-2283 are replotted on curve sheet M-2453, 

An actual test was  never made of the motor under precisely thesame 

condition as called €or by the  design computations. However, using 

curves M-2391, - M-2404, M-2406, M-2407 and M-2408 and making the 

proper allowances, a comparison can be made. The torques measured 

€or these latter curves is shaft output torque, and an adjustment is 

necessary to change these to electromagnetic torques. From M-240& 

a curve of no-load output at variable speed, at 4500 rpm the power 

input is 0.19 W with a current of 26 mA. Copper loss in the motor is 

0,0262 x 36,O = 24.4 mW, where SS2 is the resistance of the armature. 

Therefore the total of core losses, windage and friction loss, spurious 

and miscellaneous is 190 minus 24 or  166 mW. This power  can be con- 

verted into an equivalent torque as follows: - 0,05002-in watts I 0,166 
Tozuin rpm x 0.0 0074 4500 x 0.00074 



If the computed design value of 0.0109 oz-in for iron h a s  is sub- 

tracted from 0.050 oz-in, the remainder 0.039 oz-in is a rnaxbunn 

possible windage and friction at 4500 rpm, neglecting spurious and 

other losses. This is not unreasonable. Values  at 4500 rpm are taken 

from the c u r v e s  M-2391 etc, and plotted on M-2453 with two adjust- 

ments in values. The estimated windage and friction torque of 0,039 

oz-in is added to the shaft torque to give a total electromagnetic out- 

put torque. In order to allow for the omitted iron loss, 6.5 mA of 

current is subtracted from the  measured value of current and plotted 

on M-2453, A similar procedure is followed for the remaining curves. 

An examination of these data show that the tested.performance is 

considerably better than the computed performance. The principal 

reason for t h k  improvement is that  the computed performance makes 

an albwance for the  loss in the power switches,  this being stated as 

a 2 V total constant drop across the collector -emitter of the two tran- 

sistors in  se r ies  with the motor armature, T h i s  voltage drop ac4uall.y 

is much smaller than anticipated and therefore the tested efficiency 

is considerably higher. It is concluded that the design performance 

has  been achieved and even slightly surpassed, 

6.3 
Ambient Temperature 6. 

6.3.1 Motor Characteristics a t  10 and 25 Volts. The motor charac- 



teristics were measured at 10 and 25V input as required by Section 

(3, i, B) of the JPL Work Satemerut, The 40 V point was omitted by verbal 

permission because it was  relativeky less important and there co 

some problem with the t ranshtars  at this l e v e l  of input. The motor 

characteristics measured are shown on curve M-2404 for lOV input to 

the commutator and M-2405 for 25 V input to the commutator. Because 

5 V is a l w a y s  necessary for the logic portion of the power supply, the 

input of 10 V is split up as 5 V + 5 V, and the 25 V is split up  ink, 5v + 20 V, 
M-2404 shows a peak efficiency of 49,5741 occurring at a shaft output 

torque of 8.5 g-cm. Curve M-2405 for 25 V input shows a peak efficiency 

of 55.5% occurring at 21 g-can output shaft torque. These data were 

taken at room temperature before the unit was sent for vibration and 

environmentaJ. testing, For the 25V input level, the data w a s  not con- 

tinued on down to the stall point but stopped at an output torque of 

approximately 50 g-cm which is 125% of the nominal maximum load of 

40 g-cm considered useful for the motor. 

6.3.2 Motor Characteristics at -IOoC,+75OC and 
Room Temperature. Before sending the motor out  for 

environmental testing, [vibration, shock, etc. ) it w a s  also tested at the 

ambient temperature extreme limits of -1OOC and +75OC followed by a 

room temperature test. The three tests were  conducted at a constant 

input of 25 V at the commutator, split into two separate inputs of 5 V and 

20V. The commutator circuit w a s  kept at room temperature €or all 



these tests so that the motor only w a s  subjected to the temperature 

change, Therefore dl the changes noted can be charged to the motor 

only, If c u r v e s  M-2414 for -1OOC ambient and M-2415 for +75OC 

ambient are compared it shows that the torque produced for a unit of 

- 

current is almost exactly identical for the temperature extremes of the 

test, At  cold temperature the speed at zero torque is slightly less 

(15,000 rpm compared with 15,400 rpm for the hot test). This is probably 

due to a slight increase in the bearing friction. A s  load is applied, the 

speed for the hot ambient falls off more rapidly than for the cold ambient 

due to the higher resistance of the armature winding at the hot temper- 

ature. This r e s u l t s  in lower efficiency for the  hot operation, the  maxi- 

mum for +?5OC being 53% at a shaft  torque of 14 g-cm compared to a 

maximurn efficiency of 56% at 20 g-cm for t he  -1OOC ambient. The room 

temperature operation falls in between these two extremes, It should be 

noted that the input to the sensor oscillator power supply varied slightly 

because it w a s  adjusted to the minimum voltage which would properiy 

excite all the sensor output, This situation wi l l  be discussed in greater 

detail in a following section 

6.4 Motor Characteristics after Environmental Testing. After 

the environmental tests were performed by Ogden Testing Laboratories, 

the motor w a s  retested to determine whether any changes resulted from 

the shock and vibration tests. 



6.4.1 Motor Characteristics as Received. The test for compara- 

tive performance of tne motor w a s  made at  25V and room temperature, 

The test w a s  made on the motor a s  it was received back after the 

environmental shock, vibration etc. tests had been made. The r e s u l t s  

of this motor test are shown plotted on M-2454. These data can be com- 

pared with M-2416 data taken before the environmental tests w e r e  made. 

The performance is quite similar a s  regards current,speed, power out- 

put and input. The efficiency for the motor after environmental testing 

peaked out at a lower va lue  by a few percent, but th i s  is not a really 

significant change, Some change was noted in the oscillator drive 

requirement for the sensors which w i l l  be discussed later, - 

6.4.2 Motor Characteristics after Examination. The motor w a s  

disassembled for physical examination which disclosed no physical 

signs of damage or change result ing from the shock and vibration 

testing. The motor w a s  then reassembled and remagnetized as usual. 

The magnetization process consists of placing the  motor between the  

poles e€ an electromagnet and applying a field of approximately f8,0WA* 

across the motor diameter. The position of the poles in Une with the 
4 

magnetizing field is first established by passing a low current through 

the magnetized coils which wi l l  rotate the rotor magnet until its field 

lines up with the magnetizer field. The results of a load test similar to 

the previous section is shown on Mi-2455. There are some minor 



differences between the  data of M-2454 and M-2455, The current at the 

low torque on the latest test M-2455 are slightly higher with accompany- 

ing higher power input at the same torque output and therefore lower 

efficiency. Thus the efficiency peak is about 5 0 %  compared to 52.5% 

for the motor before disassembly. At torques over  25 g-cm, the dif- 

ference between the data begins to disappear, No explanation can be 

made which is consistent with the known data. It is possible that the 

new magnetization resulted in slightly less magnetic strength of the  

rotor but  it would also be necessary to have slightly higher friction 

losses so that the no-load speed would not also be higher. 

6.5 

8.5. I General. The Work Statement (3, iiij calls for measure- 

Motor Operation in  Pulse Stepping Mode, 

ment of the stepping charaeteristics of the  motor with a redangular 

input puke of 50V having a duration of 1 ms. By trid of this type uf 

input where the motor is stalLed, it was  found that a voltage of 24V 

(+5 V and -19Q gave a current of roughly 400 mA in the motur which 

w a s  judged ample for the test purposes a s  regards uniformity of 

response and represented a reasonable upper knit of current €n the 

commutating transistors without unduly stressing them. For purposes 

of making the test, the pulse control circuit used is shown in the 

schematic A-2921. This circuit controls the T I  1135 transistor and 



makes it conduct for a single short time interval which can be adjusted 

for length of pulse by changing the value of the capacitor shown, When 

the switch is thrown to the "on" position, a voltage pulse is inserte 

into the single-shot circuit turning the transistor on until the other side 

of the circuit turns off. The T I 1135 transistor t h u s  acts as a switch in 

the negative voltage line input to the commutator control circuit. The 

pulses produced by this  c i r cu i t  are very similar in terms of length of 
-"cJ 

on time" as far a s  can be compared on an oscilloscope. In most cases t1  

the deviation was  less than 10%. As wi l l  be seen, the test r e s u l t s  

showed deviations far in excess of t h i s  amount, so that it did not seem 

necessary to measure or refine the accuracy of the pulse input any 

f u r t h e r  at this time. 

6.5.2 Performance. 

6,5,2,1 Current Pulses. Oscillograms of t h e  current pulses 

obtained with a 24 V input are  shown on t h e  next page. For the upper 

oscillograms, the time that the  maximum current is on is 1.1 ms 

and the time for start to finish of the puke is 1.3 m s  which makes 

the rise and fall time approximately 0.1 m s  each. The average pulse 

length would thus be 1.2 ms, The lower oscillograms have a fuU 

current on time of 2.1 m s  and the total time of 2.4 ms, with an 

.average of approximately 2.3 ms. It should be emphasized that  these 

are  actual currents through the motor and not the voltage applied 

across it. The motor was pulsed with the approximate 1 ms and 2me 
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HER.BER T C, R0TER.S ASSOCIATES, INC. 
OSCILLOGRAMS OF MOTOR. ARMATUR.E CUR.R.ENT PULSES 

JPL #951463 
Unit #159 DC Brushless Motor 

24 Volts Input to Armature Circuit (+5 and -19 V )  
A-2921 Circuit 

I# 1 
Current Pulse 1, 

V e r t ical 100 

Horizontal 0.5 

(Voltage across 

Trial  A 

Trial  B 

# 2  
Current Pulse 

(Voltage across 

Vertical 1 
Horizontal 1 

2. 

la 
00 
m 

, 2  m s  (appr 
ser ies  r e s  
mVIcm 

mslcm 

,ox) 
list( 

4 ms(approx) 
ser ies  resistor) 

mV/cm 
s /cm 

Trial  A 

Trial  B 
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T C, ROTERS ASSOCIATES, IMC. 

AR.MATURE ROTATION WSTH PULSE VOLTAGES APPLIED 
JPL B953.463 

Unit #I59 Brushless DC Motor 

Armature position after applying one pulse of current 
from circuit A-2921 with 24 volts on the circuit 
(4-5 and -19 volts), see Oscillograms #l and #2 

1.2 m s  pulse 
380. nzfl, 
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2.4 ms pulse 
380 mA 

1 6 5 2 2 0 0  

265 
27 0 

2f0 
250 

5 

17 

1 75 

30 

240 
215 

220 
175 

290 

iement 



pulse lengths shown by the oscillograms, The observations made for 

the angle of armature position after each pulse for a series of these 

pulses  is shown in the table on a succeeding page. The 1 m s  pulses 

shows stepping motions from a low of 25" to a high 115O, There is 

some-evidence that a preferential locking point exists in or around 

the zero degree position. Thus, the angular travel when starting 

from the zero position is less than when starting from a position like 

240O. For 2 ms pulses, the angular interval of travel is more uniform 

but  still erratic enough to v a r y  from 200" tu 2853 

6.5.2.2 Magnetization Procedure Effects on Stepping 
Performance. The rotor magnet is magnetized in place 

while it is assembled in the motor so that  there may be a tooth 

pattern formed on the magnet which results in some lock points 

during a revolution, To t r y  to eliminate this,  t h e  magnetizing fie€d 

was increased in strength to 24,000 At across a 314" gap (Motor OD), 

The magnetizer h a s  3" diameter pole cores terminating in 2-1/2" - 

diameter ferro-cobalt pole face pieces. Thus the magnetic intensity 

in the gap is approximately 32,000 At/in corresponding to an  air ffux 

density of 102 kMx/in2 or 15.8 kG. However, this still did not elim- 

inate the lock points, Therefore to study the operation with a tooth 

pattern and lock points eliminated, the rotor was disassembled and . 

magnetized outside of the stator. This produces a very  uniform mag- 

netization in the cylindrical magnet rotor and eliminated any lock 
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points caused by the teeth. Test of the angular steps resulting with 

th i s  magnetization showed that the length of angular t r ave l  ranged 

from 50° to looo per pulse depending on the position, for 1 m s  pulses. 

This performance is slightly better than with the rotor magnetized in  

place. It shows that some other factor is causing the erratic amount 

of angular step motion. 

6.5.2.3 Time of Stepping Motion. The actual time for mechan- 

ical motion w a s  not studied. It is theoretically much longer than the 

pulse length because as long as the cu r ren t  exists in the motor, 

torque is developed and t h e  rotor wi l l  accelerate. When the  current 

ceases, the rotor will  be traveling at its maximum velocity and 

coast to a stop while decelerated by  any braking forces present. Since 

the current wave form input to the motor is quite flat ,  the velocity of 

t h e  rotor is insufficient to cause enough generated voltage sufficientry 

large to decrease th i s  current. The current ampUtude is determined 

by the armature resistance and inductance and the cut-off leveS u€ the 

commutation and control circuits. Apparently this cut-off level of 

current may have been reached since the drop in  the  motor Winding 

resistance for the test is 13,8V (3652 x 0,380A) while the voltage input 

w a s  24 V. In any case, because the motor current was  constant during 

the 1 ms pulse interval, it can be assumed that the torque produced 

would also be constant. Therefore the acceleration of the rotor would 
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be uniform with maximum velocity at the  end of the pulse. 

6.5.2.4 Continuous Stepping Input. Continuous pulses of 1 m s  

duration at a 500 Hz repetitive frequency rate were  applied to the 

motor. No interruptions of rotor speed could be detected in the form 

of steps, and the motor seemed to run as though it were continuously 

excited, Some thought was  given to the possibility of inserting ac 

pulses, but these cannot be inserted as an input to the commutation 

supply of the dc motor. A possible alternate method of producing 

accelerating and braking torques might be a reversal  of torque con- 

trolled by the logic circuit. This would require tha t  the reversal 

signal be applied to the  commutation logic circuits during half the 

cycle time. Then the pulse would produce accelerating torque and 

the time between pulses would produce braking torque, 

6.5.2.5 Conclusions on the Foregoing Performance. €% is con- 

cluded for a short pulse length like I m s  that the motor wiU nut step 

in uniform increments and that the increments wi l l  be dependent on 

the rotor starting position and tha t  this  disparity is roughly 2~1. It 

does not appear that one-sided dc pulses will lead to fast and accurate 

mechanical action times unless some method of introducing braking 

pulses is devised. When a 1 m s  pulse of current is applied, the rotor 

accelerates during the  entire 1 ms "on time" and at the end of the 

interval is traveling at maximum velocity. In order to bring the rotor 



to a halt, an equal or greater braking effort must he 

"off time" interval. Therefore one problem wil l  be la ins 

braking pulse, Far example the motor' can generate 

wards through the commutation! supply transistors if the motor input 

terminals could be shoz%ed. Unless these input terminals are 

shorted, there is no place for the current to go except to the battery. 

T h i s  is impossible because the battery voltage always exceeds the 

motor generated voltage. Undoubtedly t h e r e  are ways to accomplish 

th i s  braking but the methods may be complex and nok justifiable by 

absolute need €or such a device, The  previously mentioned method 

of splitting the pulse into an accelerating torque phase and a decel- 

erating torque phase by controlling t h e  logic reversal is suck a 

scheme. f t  is suspected that the actual circuit could be quite tricky. 



6 -6. Stability of Motor Performance. 

6-6.1 General. During the experimental work on the motor, some 

changes in the performance characteristics of the sensor took place. 

This change, reason unknown, resulted in a gradual rise in the exciting 

voltage required to drive the sensor - - -  - primary . _ _ _  exciting coil so that suf- 

ficient voltage output on the sensor secondary w a s  obtained to drive the 

commutation circuit. A basic cause of the increase in excitation could 

be an increase in the internal air gaps of the ferri te magnetic parts 

which make up the sensor o r  to uncertainty of the axial air gap due to 

the end play d o w e d  in the bearings. The internal air gaps between the 

ferrite parts a r e  dependent upon the stability of the encapsulating mate- 

r ia l  with time, temperature and vibration of the unit. 

6.6.2 Dimensional Stability. The motor, as originally made and 

tested had an axial end play of approximately 0.001'' as to not preload 

the bearings. To eliminate this end play as a cause of changes in the 

sensor characteristic, a spring w a s  made to give a preload force on 

the bearings, This spring is shown on the detail drawing A-3008 as il; 

w a s  finally made, after experimentation to modify the paper design and 

obtain the desired force of 8 oz, The shoulder on the shaft at the shaf€ 

extension end w a s  turned off to leave approximately 0.020" axial space. 

This space is now occupied by the above spring plus a spacer washer. 

The thickness of the spacer washer w a s  adjusted so that the axial 

motion was  limited to 0.001'' if the axial force on the shaft exceeded 

the 8 oz preload. The minimum axial air gap between the sensor arma- 

ture and the pole is established by the fixed mechanical dimensions of 



the parts having interface contacts. This gap wi l l  be maintained at its 

minimum value by the spring force. 

6.. 6.3 Environmental Stability. The stationary structure of t 

sensor w a s  built up of separate ferrite parts which w e r e  encapsulated 

into an integral structure. There is an air gap between the Ferrite 

Pole A-2778 and the Ferri te Core A-2763. Such a surface to surface 

contact usually appears to be at least a 0.001'' air gap as regards mag- 

netic permeance. There is a possibility that gradual changes may occur 

in such a gap due to dimensional changes in the encapsulating material 

and shifts in the ferri te parts making up the structure. The unit has  

already undergone a long series of tests for performance and an actual 

shake and vibration test series. However, i f  the unit w e r e  not already 

stabilized, a series of 10 cycles of temperature fluctuations such as 

specified in MIL-STD-BOBC, Method 102A could cause a further mechan- 

ical shift of parts in the encapsulated sensor. Therefore, the motor 

with the added preload spring installed w a s  given ten cycles, each 

cycle consisting of 1 hour minimum in 85" C ambient, 1 hour minimum 

in -15" C ambient. The unit w a s  shifted directly between ambients w i t b  

out a hold time at room temperature. 

In order to check the effect of the treat- 

ment of paragraph 6,6.3, on the sensor stability, the motor and sensor 

performance w e r e  checked before and after the temperature cycling. 

One of the changes noted in the past w a s  in the minimum required dc 

voltage applied to the sensor oscillator circuit. If this voltage were too 

low, one or more of the commutation transistors would cut off due to 



insufficient sensor signal output. Therefore, the minirnm acceptable 

operating level wil l  be when all output transistors are jus% conducting, 

This was  measured by gradually raising the oscillator dc input v 

with the motor operating at a 25 volt dc input and a shaft load of 

roughly 25 g-cm until all signs of cutoff had disappeared. Another set 

of readings were taken with the oscillator dc input raised roughly two 

volts. These data w e r e  taken before and after temperature cycling. In 

addition, the motor operating data w e r e  taken at no-load and 25 g-cm 

shaft load with 25 volts dc applied to the motor commutation circuit. 

6.6.5 Stability Evaluation Results. The results of the experimen- 

tation of the previous paragraph a re  summarized in the tables on the 

following pages. The first table compares the output of each sensor 

coil before and after the temperature cycling for the minimum oscilla- 

tor driving level and at a dc input roughly two volts higher than the 

minimum. The ac sensor coil output voltage are shown for the minimum 

and maximum output a s  the armature is slowly turned by hand. The de 

output from the rectifier circuit connected to the sensor coil. is &so 

shown for the min imum and maximum output voltage. The minimum 

dc voltage is only included for completeness to verify that the rectified 

sensor voltage output goes to zero. The second table compares the 

motor performance before and after the temperature cycling with the 

motor operating at no shaft load output and also at a nominal load of 

25 g-cm (approximately). 

6 .. 6.5.1 Conclusions on Sensor Stability During Temperature 
Cycling. An examination can be made of the effect of 

temperature cycling by direct comparison of the first four cohme 



EFFECT OF TEMP URE CYCLING * ON COMMUTATION SENSOR 
COMPARISON OF SENSOR OUTPUT 

(AFTER. INSTALLATION OF 14-3008 BEAR1 
TESTS WTPI STAT 

Sensor. 
Coil 

I 0s;illator : i r c u i t r  j 
25.2V 7.38mlfl, f = 105 kHz 

I 
Green ' 1'25 0,225 0.90 1.23 
B1- Wh 
Blue 
Black 
Violet 
Brown 
Purple 
Yellow 
White 
Orange 

Gray 
Red 
Av erage 

Green 

B h e  
Black 
Violet 
Brown 
Purple 
Yellow 
White 
Orange 
Gray 
Red 

average 

Bl- Wh 

i 1.25 1 0.245 I 
1.29 
1.27 
1.29 
1.28 
1-25 
1.30 

0.245 
0.226 
0.250 
0.225 
0.230 
0.235 

0.215 
0.240 

0.92 I 
0.93 
0.91 
0.94 
0.92 
0.90 
0.94 

2 

1.31 
1.34 
1.36 
1.35 
1.35 
1.35 
1.31 
1.35 
1.29 
1.26 
1.33 
1.39 
1.333 - 

i 

I. 25 
1.38 

Q.92 1-25 
0. $0 1.29 
01,908 1.253 

I 
I 

2v 7.8f 

0.225 
0.247 
0.245 
0.238 
0.245 
0.236 
0.239 
0.245 
0.237 
0.204 
0.226 
0.253 
0.237 

1 1.24 
1.26 
1.25 
1.30 
1.25 

, 1.23 
1.30 

nA;f = 

0.99 
2.00 
2.02 
1.00 
2-04 
3.0x 
1 ,00 
1.02 
0.92 
0.92 
0. 98 
2.02 
0.993 

1.36 
1.40 
1.36 
1.45 
1.37 
1.35 
1.44 
1.35 
1-30 
1.36 
1.46 
3.374 

0.207 0.88 
0.225 0.84 
0.226 0.86 
0.219 0.82 
0.184 0.86 
0.219 0.86 
*0.220 0.85 
0.186 0.89 
0.165 0.80 
0.189 0.825 
0.214 0.870 

0,234 0,890 
0.211 0,854 

2v 7.79 

0.229 
0.250 
0 L 250 
0.240 
0. a 
0.240 

0,206 
0.183 
0.206 
0.23f 
0.256 
0.228 

a. 242 

0.965 
0.96 
0.91 
0.96 
1.00 
Z.00 
0.97 
1.00 
0.93 

0.066 
L O U  
0.970 

0.92 

It 

Hz 

0 

3. (10) Temperature Cydes -h5* C to 8Sa C to -I&' 6, one hour minimum 
at each temperature, -1xvf- 



EFFECT OF TEMPERATURE CYCLING i- ON MOTOR PERFORMANCE 
(AFTER INSTALLATION OF A-3008 BEARING PRELOAD SPRING) 

25 VOLTS DC APPLIED TO MOTOR CIRCUITS 

Before Temperature 
Cycling 

Minimum 27.2V 
Oscillator Oscillator 

Input Input 

I I 
I 1 

Oscillator DC Input I I 
Voltage 
Current 
Power 

Battery Input Power 
Motor Shaft Torque 
Speed 

After Temperature 
+ Cycling 

24.8  
7-02 

174 

NO LOAD 

vlotor 
3attery Input Current mA 44.6 51 45*9 

m W  1117 1275 1144 
g- cm 0-  0 0 

rPm 14320 14600 14160 

2 - 
Battery Input Curren, mA 213 
Battery Input m W  5330 
Motor Shaft Torque g-cm 25.7 
Speed rPm 10400 
Shaft Power Output mW 2747 
Efficiency 70 51.5 

.? g-em S 

214 
5355 
25.7 
10600 
2800 
52 .3  

27.2 

21 1 
7,76 

dt Load 

21 1 
5285 
25.7 
10120 
2674 
50.6 

50.9 
1270  

0 
14400 

21 9 
547 5 
25.7 
10450 
276 1 
50.4 

+ (10) Temperature cycles -15' C to 85' C to.-15OC, one hour minbum 
at each temperature 



(before) to the last four columns (after). An averaged value of the 

twelve sensor readings is included. Individual, coil values are 

somewhat erratic because it is difficult to obtain the true maxi- 

mum reading. The minimum dc oscillator input voltage required 

for complete commutation appears to show a drop to 24.8 volts 

after temperature cycling compared to 25.2 volts before. This is 

believed to be a result of the difficulty in setting an exact minimum 

value tu, the current cutoff of the commutation transistor. The dc 

sensor circuit output voltage after temperature cycling is quite a 

bit lower, 0.854 volts a s  compared to the 0.908 volts before. Such 

a difference could be interpreted to mean that the electronic com- 

mutation circuit had changed and not that the sensor had altered 

characteristics. A lower  dc oscillator input wi l l  normally produce 

a lower dc rectified sensor output. A better comparison can be 

made from the average values for a 27.2 volt dc oscilktor input. 

There is virtually no change in the oscillator input current and 

very little change in the sensor outputs. In faet, for the 27.2 volt 

input, while the average dc sensor coil output has increased 370 

after temperature cycling, the dc rectified sensor coil. output has  

decreased 2.4%. For all practical purposes, it is concluded that 

t h e  temperature cycling has not affected the performance of the 

sensor. 

6.6.53 Conclusions on Motor Performance Stability During 
Temperature Cycling. The results summarized in the 

second table for motor performance before and after temperature 



cycling show no significant changes in any of the parameters such 

as motor current and motor speed, Any changes can be the combi- 

nation of experimental e r ro r  in readings plus the possibility of 

variation in bearing friction. Therefore it is concluded that the 

temperature cycling has had no effect on the motor performance. 

6.6.5.3 Final Conclusion on Sensor Stability, From the past 

history of the motor-sensor unit it is concluded that the unit is now 

stable and that this stability is a result of: 

a) 

b) 

Passage of time plus vibration and shock testing 

More precise axial positioning of the shaft and preloading 

of the bearings. 

The temperature cycling had no further effect on the unit. The 

value of performing a temperature cycling operation can be deter- 

mined only on a new motor unit in combination with the condition 

(b) above. On such a fresh unit it can be conceived that the ternper- 

a tuse cycling wi l l  help stabilize the unit without the operation o f  (a) 

conditions above. Such a temperature cycling operation should be 

specified on any further motors of this type. 

6.7 Speed Control. The theuretical mode of operation of the speed 

control circuit is described in section 5.Z of the report. 

6.7.1 Test of One-Shot Multivibrators. The desired frequencies 

at the 'speed governing point are as follows: 

Motor Speed rpm 8000 4500 2000 200 

Control Frequency (OS- 1) HZ 4260 2400 1065 106.5 

Motor Speed Frequency (OS-2) Hz 1600 900 400 40 

I 



The motor speed frequency is based upon generating 12 pulses per 
12 

revolution of the shaft and is equal to rpm x r. The one-shot 

multivibrators will  be referred to as US-1 for the speed'kontrol 

~ frequency signal and 0 5 - 2  for the motor speed frequency signal, 

initial test of these units w a s  performed with the results shown on 

M-2348 which shows the filtered output voltage from the one-shot 

multivibrator (this is also the input to the differential amplifier) 

versus the input frequency to the one-shot multivibrator. The input 

frequency w a s  obtained from a sine wave oscillator for these tests. 

The solid line curves show actual data for the two units and is 

reasonably linear. For comparison purposes> the data for OS-1 was  

replotted (dashed curve) to show the output voltage at a frequency 

ratio of 900/ 2400, A t  any frequency, for perfect speed control, the 

voltage of OS- 1 and OS- 2 should be equal. Although this is not quite 

true, it wil l  be possible to correct the major difference by adjusting 

the circuit  parameters to achieve the same curve slope. A t  very islow 

speeds, the curves appear slightly different in shape and may require 

an added correction. The basic concept of a signal output proportiondl 

to frequency input looks sufficiently workable to use for speed control 

purposes over a considerable range. 

6.7.2 Final Status of Speed Control Circuit. Further work on the 

speed control circuit w a s  stopped in favor of additional work on the 

sensor stability discussed in Section 6.6. The present condition of the 

speed control circuit is shown on A-2972. This circuit does not success- 

fully control the motor speed because the motor hunts violently in 

speed, This unstable condition appears when the servo loop is clo'rsed 

and the motor speed signal is fed into the control circuit at OS -2. 



cuit, there has 

cond-r corn 

circuit. These 

SG 220 (AG-2) a€ A-278OA. These breakdowns have continued even 

after various precautionary circuit protections such as reverse current 

diodes have been installed. It would be advantageous if any further work 

were to be done, to start analysis with a lower frequency motor speed 

signal obtained by using only one-half or less of the cornmutation cir- 

cuits to produce the motor speed signal. 

7-0 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Motor. From the design and performance of the test unit the 

following conclusions are drawn: 

The motor output performance is very good and in agree- 

ment with cafculated v;ifues. 

The use of a ring armature winding has been satisfactory 

and has produced 120 uaknawn extra kossea. 

The elimination of the mounting hole in the rotor magnet is 

quite imprent  to obtain the best performance in a motor 

W diameter such as the s 0 

The method of rl"~ta~ constr 

&ab 

ature tests. 

n with a two-piece shaft is 

anically and has not distorted with time, temper 



e) The motor cannot be used in  stepping operptions with its 

present method of commutation and control and no simple 

method of achieving a stepping action has been devised. 

7.2 Sensor. The following conclusions are made respecting the 

sensor and its performance: 

a) It is possible to build an operable electromagnetic twelve 

pick-off sensor within the allowed 314" diameter. 

b) Some aging changes have been noted in the performance 

characteristics of the sensor which may be a result of 

either time or the environmental tests o r  both. 

c) Te mperature cycling operations per MIL2020 produce nu 

further effect after the changes of (b) above have occurred, 

d) It is believed possible to bring about an earlier stabilization 

by performing such a temperature cycling operation irnme- 

diat ely a€ter assembly. 

e) The use of a bearing preloading spring is desirable for 

stability of sensor performance. 

f) The present shielding method - has yielded almost completely 

satisfactory conformance to the radio interference speci- 

fications. 

g) A two terminal oscillator as designed has proved to  be simple 

and reliable. 

7.3 Logic. With regard to the logic portion of the circuit, it is 

concluded that: 

a) The method of obtaining a reversal of motor rotation by logic 

switching semiconductors is completely workable, 

- lxx ii- * 



b) Although the power consumed may be considered relatively 

high, except for a laboratory model, such power consumption 

should be. capable of reduction in new designs. 

The frequency of component failure has been higher than c) 

would be expected in normal usage. 

7.4 Commutation Circuit. For the commutation circuit it is con- 

cluded that: 

a)  The final circuit  is satisfactory as regarding yielding good 

motor performance. 

b) The failure of semiconductor components in the commutation 

portion of the circuit has been much more frequent than 

expected and the reasons are not known. 

7.5 Recommendations. From the experience gained in the per- 

formance of this job it is recommended that: 

a )  The motor and sensor construction for any future experi- 

mental work should be made to use fewer armature coils, 

slots and sensor output coils so that the accompanying 

electronic circuits w i l l  be fewer in number and easier to 

experiment w i t b  

When less sensor coils a r e  used, construction methods 

using one piece ferrite magnetic circuits may 'be possible, 

This wi l l  avoid the problem of possible changes in air gaps 

in composite ferrite assemblies in the sensor. 

Where multiple composite ferrite assemblies a re  used in a 

s ensor construction, car5ful consideration should be given 

to the temperature- time stability of the encapsulating resin, 

b) 

c) 



A temperature cycling operation should be the first step 

after an encapsulation assembly operation to assist stabili- 

z at ion. 

d) Further work is needed on the reliability of the various 

logic and commutation semiconductors and the effect of 

the circuit  operation. Higher voltage transistors should 

be an initial improvement trial on actual hardware coupled 

with a thorough circuit analysis and circuit current and 

voltage measurements as a parallel effort, 

- lxxiv- 



This section is inc as a brief discussion of the prWin%sy designs 

made before tihe fin& unit design. The first design #I demonstrated that 

it w a s  h o s t  a necessity to find a method for eliminating $he shaft 

mounting hole in the rn&net and thus obtain a larger magnek cross 

section area. 

Design #Z introduced the change to a solid magnet rotor (no shaft hole) 

which provided a large increase in available magnet flux. The yoke ring 

was changed to silicon steel because of its higher flux carrying ability 

compared to nickel-iron- %'he length w a s  reduced to Q.30" to approach 

the desired overall motor length of 1-3;/4". 11 slots were picked as a 

reasonable number considering problems of leads and sensor coils. 

M-2276 shows the computed performance, 

Design #3 is similar in dfk respects to #2 except that the stator 1entYl;h 

is increased to 0,372'' and the winding changed accordingly. M-2275 shows 

the computed per formaxe  and the relatively large improvement h 

efficiency at the higher load levels. For example, at Q.5 oz-in the 

efficiency for the 0.37Ztv &tor length is 3270 compared to 23% for the 

0.30" stator length. e *e stator length is a ov 

motor length, the laager stack was chosen by mutual agreement with 

JPL. The axial length of e motor is distributed m u  as follows: 

-1-1- 



7. 
0.0 15" 

8.  Front bearing support plate 0.025" 

9, 
0.050" 

10. Rotor support plate 0.050" 

11. Sensor rotor, axial thickness 0.050" 

Clearance between front end connections 
and bearing support plate 

Clearance between front bearing support 
plate to sensor rotor support plate 

12. Sensor coil space 

13. Sensor yoke 
14. Front case cover 

0.278" 

0.050d 
0.025" 

Total Length 1,312" 

Design #4 is the final design and is modified to have a 12 slot stator, 

a ferrocobalt yoke ring, the stator lamination material changed to silicon 

steel and a thinner rotor magnet housing which permits a 0.015" effective 

rotor-stator radial air gap. The computed performance is shown on - 

M-2283 and is roughly comparable with Design #3. The motor construc- 

tion and performance a r e  described in the main body of the report. 

A tabulation of the important mechanical sizes and parts material for 
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OD Stator 
ID Stator 
Length Stator 
Number of teeth 

Tooth Width 

Gross Slot Area 

Turns per coil 

W i r e  Size 
Armature Resistance 

(brush- br ush) 

Design Desi 

in 0.719 0.688 0.6-88 0.700 
in 0.322 0.372 0-372 0.342 

0.300 0.372 0.372 in 11 2 
15 11 11 32 

0.028 in 0.059 0.037 0.037 

in 0.0054 0.00851 0.00851 0.0102 
121 98 82 

#43 #40 #39 838 

s2 - 71.0 45.6 36.0 

Nickel Nickel Nickel silicon Stator Mater ia l  
Iron Iron €ron 

Yoke Ring Mater ia l  

Rotor 033 in 0.31 2 0.312 0,312 0.312 
. Rotor IEZ in 0.125 0 0 0 

Rotor Length in 0.500 0.300 0.37 2 0.372 
Material 
Radial A i r  Gap 

Alnico IX Alnico IXAlnico IX Alnico M. 
43.005" 0.020" 0.020'' 0.ct158' 

Computed Performance M-2276 M-2275 M- 2283 
Design 

#I 
#2 

Abandoned because teeth too Iarge, winding too fine w i r e  
too long 11 I t  

Decided to make 12 slots, change to Fer ro  
case w a l l  

yoke and t 



APPENDIX 11 

EXPERIMENTAL EVALUATION OF 
AND COMMUTATION CIRCUIT 

The following section describes the 

for the motor power supply from the ear 

delivered stage. 

The commutation circuit in its first complete outline is shown on 

A-2760. The final circuit is shown on A-2780A and the following des- 

cribed changes were made at various times. 

1. 

2. 

3. 

4. 

The sensor output rectifier-filter circuit (C1 + R1 of A-2780A) 

w a s  made 0.1pF and 10 k to speed up the response of the sensor 

rectified signal output. 

Decoupling inductors were added (L1 and L2) and a filtering 

capacitor C3 to eliminate a tendency of some bar circuits to 

oscuate. 

Resistance R3 and R* were added to limit the base currents in 

Qi and Q2 and AGz. 

Reverse polarity diodes CR3, CRq, CR5 and CR6 w e r e  added to 

help dissipate any pump-back of current through the output 

transistors Q3, Qq, Q5 and Qs. Such a reverse direction voltage! 

might arise when the opposite bridge transistors Q4 and QG 

clamp off and the inductance of the winding generates a voltage 

i 
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5. The output sign- from each h& of the bar circuit were 

brought out separately to each other. 

the six bar circuits were brought to a common, 'there was  too 

much interferenee between the colamutator circuits resulting 

in false switching and other problems, 

The Pulse Isolation Amplifier of A-2865 was added to each bar 

dl the outputs of 

6 .  

output (12 outputs) to eliminate the feedback problem of Item 5. 



APPENDIX 1[u[ 

ENVIRONMENTAL TESTS 

This appendix consists of the report of the environmental tests 

“Originators Report No 6D108-4” performed by Ogden Technology 

Laboratories, Inc., OT L Job Number 7667, Herbert C Roters Assoc- 

iates, Inc. purchase order 1940. A l l  tests w e r e  passed except for the 

radio interference test where some interference exceeding the limit 

as noted at various points as discussed in the Ogden report section 

4.1.1. Their Figure 1 shows the amount of excess over the specification, 

a maximum of perhaps 12% at some points. No comment wil l  be made 

about the importance of these results or the need for improvepent. 
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PHOTOGRAPH OF UNIT #159 SIN 1 
BRUSHLESS DC MOTOR, SHIELDED 

CABLEANDCONNECTOR 



BRUSHLESS DC MOTOR INCLUDING ELECTRONICS 

E X P E R I M E N T A L  COMMUTATION CIRCUIT (TOP) ,  
INTERCONNECTING SHIELDED C A B L E  AND 

CONNECTORS, AND OSCILLATOR. 

DC BRUSHLESS MOTOR UNIT #159 S/N 1 

P- 2 



F X P E R I M E N T A L  COMMUTATION CIRCUIT (BOTTOM) 
F O R  DC BRUSHLESS MOTOR 

I?- 3 
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Notices 

When Government drawings, specifications or other 
data are used for any purpose other than in connection 
with a definitely related Government procurement operation, 
the United States Government thereby incurs no responsibility 
nor any obligation whatsoever; and the fact that the Govern- 
ment may have in any way formulated, furnished, or supplied 
the said drawings, specifications, or other data, is not to 
be regarded by implication or otherwise as in any manner 
licensing the holder or any other person or corporation of 
conveying any rights or permission to manufacture, use, or 
sell any patented invention that may in any way be related 
thereto. 
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1.0 TEST EQUI 

1.1 Centrifuge 
Genisco CO, 
Model: 50159 S/b C-30 
Calibration: AIPnualXy 
L a s t  Calibration: 5/22/67 

1.2 Vibration Exciter 
M, B. Electronics 
Model: C50 
CaKbration: None required 

1 . 3  Power A m p l i f i e r  

Model: 4150 
Calibration: None required 

- M .  B, Electronks 

1.4 Accelerometer 
Colun\bia Research Labs,' 
Model: 902 S I N  136 
Calibration2 6 months 
Last C a l i b r a t i o r r r  1/9/68 

1 .5  A u t o m a t i c  ~5bration Exciter controller 
Bruel & Kjaer 
Model: 1019 
Calibration: Befare each use 

1.6 Tracking F i l t e r  
Spectral D y n d c s  co10p. 
Model P SII-LWA 
Calibration: B s f o € e  eaeh use 



1 . 7 Signa 1 A m p l i f i e r  
Unho 1 tz-D ick ie Corp.  
Model: 607-RMG-3A 

. Calibration: Before each use 

1.8 Tape Transport 
Minneapo lis-Honeywell Co, 
Model : LAR-7400 
Calibration: Before each use 

1.9 Automatic Random Equalization Console 
M. B. Electronics 
Model: T388 80/25  
Calibration: Before each use 

1.10 Low Frequency Vibration Exci ter  
Ogden Technology Laboratories,Inc, 
Calibration: None required 

4 

1.11 Control ler  
Data Trak 
Model: FGE5110 
Calibration: Before each use 

1.12 Low Frequency Function Generator 
Hewlett-Packard Corp, 
Model: 202A 
Calibration: 6 months 
Last' Calibration: 12/9/67 

A l l  instrumentation and equipment ca l ibra t ion  is conducted 
i n  accordance with Specification MIL-Q-9858A as fur ther  
defined i n  MIL-C-45662A "Calibration System Requirements" 
and is t raceable  t o  the National Bureau of Standards. 
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2,O TEST SEQUENCE 

2.1 Electromagnetic Interference T e s t  

2.2 Vibration Test 

2.3 Shock T e s t  

2.4 Acceleration Test 

3 



3.0 

3.1 

3-2 

TEST PROCEDURE 

E lec tromagne t i c  Interference Test 

The test  was performed i n  accordance w i t h  

Report No.  6D108-4A (included herein as Appendix A) 

Vibration T e s t  

The D.C. Brushless Motor, U n i t  No. 159, Prototype, 

here inaf te r  referred t o  as the  t e s t  sample, was 

attached f i m l y  and securely t o  the vibration exci ter .  

The test sample was then subjected t o  the v ibra t ion  

test  along an axis  p a r a l l e l  t o  the vehicle ax i s  of 

t h rus t  and i n  two other orthogonal directions,  which 

w e r e  a l so  perpendicular t o  the ax is  of thrust ,  The 
-P 

test sample was subjected t o  two test procedures - 
T e s t  Procedure I Low frequency tes t  and Procedure 111 

complex wave vibrat ion test. 

3 - 2 . 1  Low Frequency Vibration T e s t  

The test  sample was subjected t o  sinusoidal Pibration 

a t  frequencies between 1 c y  to 15 cps for thXee 

minutes a t  an amplitude of 2 1.5 inches displacement 

from one (1) t o  4.4 cps, and 2 .1  g R M S ( 8 t  3.0 Q peak) 

from 4.4 t o  15 cps. 

4 



Sweep time from 1 t o  15 cps was 1.5 minutes 

performed twice, 

3-2.2 Complex Wave Vibration T e s t  

The test sample'was subjected t o  the vibration tests 

specified and the test executed by means of a magnetic 

recording tape. The test consisted of a taped 

programmed sequence of band l i m i t e d  Gaussian noise 

and combined noise and sinusoidal vibration, The tota l  

time i n  each orthogonal direct ion w a s  t h i r t e e n .  (13) 

minutes  and 36 seconds, 

during t h i s  test. 

The test sample was operating 

The test  (programed) was as folluwsr 

[a) White Gaussian Noise: 0.2 g /cps from 300 to 2 

1000 CpSI with a 6 db per octave roll-off f r a t  

1000 t o  2000 cps, a 3 db per octave roll-off 

from 300 cps t o  20 CpSI and a 24 db per octave 

roll-off below 30 and above 2000 cps for three 

minutes. 



(b) White Gaussian Noise: 5 .0  g (RMS), band limited 

between 15 and 2000 cps plus a 2.0 g (RMS) sinusoidal 

superimposed on the noise between 15 and 40 cps, 

(c) White Gaussian Noise: 5.0 g W, band limited 

between 15 and 2000 cps plus a 9.0 g RMS sinusoidal 

superimposed on the noise between 40 and 2000 eps, 

The sinusoidal s w e e p  was from 15 t o  2000 and back 

t o  15 cps i n  10 minutes a t  a r a t e  increasing 

d i r ec t ly  w i t h  frequency. 
- 

3.3 Shock T e s t  

The t e s t  sample was subjected t o  f ive  (5) terminal peak 

sawtooth shock pulses of 200 g magnitude and 0.7 2 0.2 

millisecond rise time applied i n  each of the three (3) 

orthogonal directions,  The tes t  w a s  performed u t i l i z i n g  

the electrodynamic shock synthesis technique , 

sample was operating during this test. 

The test  



3 . 4  Stat ic  Acceleration 

The test sample was subjected t o  a s t a t i c  acceleration 

of 2 14 g in  three orthcgonal directions, one direction 

parallel  t o  the axis  of thrust, for  f ive  minutes each, 

( The test sample was not operated during acceleration.) 
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4.0 

4.1 

TEST RESULTS 

E lectromaqnet ic Interference T e s t  

a ,  See Appendix A - EM1 T e s t  R e p o r t ,  

4.2 Vibration T e s t  

4.2.1 Low Frequency Vibration T e s t  

a ,  There was no v i s ib l e  evidence of damage t o  the 

test sample, 

b, Electrical operation of the test sample was 

performed by Roters representative and was 

reported operating correct ly  a f t e r  the test. 

4-2.2 Complex Wave Vibration T e s t  

a.  There was no v i s ib l e  evidence of damage t o  the 

tes t  sample. 

b. E lec t r i ca l  operation of the test sample was 

performed by Roters representative and was 

reported operating correct ly  a f t e r  the test. 

c. See Appendix B - Equalization Curve 

d.  See Appendix C - Photographs 
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4.3 Shock T e s t  

a,  There was no v is ib le  evidence of damage to the 

test sample. 

b, Elec t r i ca l  operation of the t e s t  sample was 

performed by Roters representative,  and was 

reported operating cor rec t ly  a f t e r  the test. 

c, See Appendix C - Photographs 

4.4 S t a t i c  Acceleration 

a ,  

b. 

C,  

There was no vis ible  evidence of damage to the 

tes t  sample, 

Elec t r ica l  operation of the tes t  sample was 

performed by Roters representative and was 

reported operating cor rec t ly  a f t e r  the test, 

See Appendix C - Photographs 

5.0 REC0MMENMTIOE;IS 

None. T e s t  results  contained hereh are submitted 

for your evaluation, -. . 
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APPENDIX A 

Electromagnetic Interference Test 



UNIVERSAL REPORT NO. 

ORIGINATORS REPORT NO. 6D108-4 A 

REVISION 

R€PORT OF TEST 
ON 

TEST P E R F O R M / )  BY 0e;den Teclxnolom Laboratories. Znt. 

TEST AUTUORIZED BY Raters Associates 

CONTRACT NUMBER 

PURCHASE ORDER NUMBER 1940 

OTL JOB HUM3ER 7667 

I Date Signature 

Test Engineer t I 

I I I I 



Not ices 

When Government drawings, specifications or other 
data are used for any purpose other than in connection 
with a definitely related Government procurement operation, 
the United States Government thereby incurs no responsibility 
nor any obligation whatsoever; and the fact that the Govern- 
ment may have in any way formulated, furnished, or supplied 
the said drawings, specifications, or other data, is not t o  
be regarded by implication or otherwise as in any manner 
licensing the holder or any other person or corporation of 
conveying any rights or permission to manufacture. use, or 
sell any patented invention that may in any way be related 
thereto, 



TEST REPORT: 

TEST CONDUCTED: 

MANUFACTURER: 

ADMINIS 

6DlOS-4 A 

Radio Frequency Interference Cuntrol 

Roters Associates 

MANUFACTURER'S TYPE OR MODEL NO.: Brushless DC Motor 
Unit 159 - Prototype 

DRAWING, SPECIFICATION OR EXHIBIT: Jet Propulsion Laboratory Speci f icat ion 
30236A dated 20 October 1961, Para. 
4.4.2 and 4.4.4.2 

QUANTITY O F  ITEMS TESTED: One 

SECURtTY CLASStFtCATlON OF ITTMAS: Unclassif ied 

DATE TEST COMPLRED: AprLl 9 ,  1968 

TEST CONDUCTEO BY: Ogden Technology Laboratories, Inc. 

DISPOSITION OF SPECIMENS: 

DATE OF TEST REPORT: April 18, 1968 

MANUFACTURERS PURCHASE ORDER NO.: 1940 

ABSTRACT; See Test ResuXts 



Sect ion  1.0 Tes t  Equipment 

1.1 Noise and F ie ld  I n t e n s i t y  Meters & Pickup Devices 

A. 

B. 

C. 

D. 

E. 

NF-105, S e r i a l  Pilumber 3440 
Frequency 0.15 to 1,000 MHZ 
CAL: 2/7/68 
CAL DUE: 5/7/68 

41 Inch Rod Antenna (VA-105.) 

-i 

Dipole Antennas DM-105-T1, T2, T3 

NF-112, S e r i a l  Number 129 
Frequency 1 to 10 GHz 
CAL: 4/5/68 
CAL DUE: 7/5/68 

AT-112 Pyramidal Antenna 

1.2 S igna l  Sources 

A. 

B. 

C. 

D. 

E. 

F. 

General Radio Type l330-A,  S e r i a l  Number 2282 
Frequency: 
CAL: 2/1/68 
CAL DUE: 5/1/68 

10  kHz to 50 HHz 

General Radio Type 1215B, S e r i a l  Number 308 
Frequency: 50 to  250 MHz 
CAL: 2/1/68 
CAL DUE: 5/1/68 

General Radio Type 1209C, Serial Ember 7278 
Frequency: 250 to  960 MHr 

CAI, DUE: 6/18/65 
CAL: 3/18/68 

Narda S igna l  Source 4 5 1 ,  Serial  Number 13-109 
Frequency: 750 to  2750 Wfz 
CAL: 2/1/68 
CAL DUE: 5/1/68 

Polarad S igna l  Source 1206, Serial Number 1-7 
Frequency: 2.0 to 4.0 GHz 
CAL: 3/1/68 
CAI, DUE? 6/1/68 

FXR Test Oscillator Model C772A, S e r i a l  Number 388 
FRequency: 4.0 to 8.0 GXc 
CAL: 3/1/68 
CAI, DUE: 6/1/68 



G. F'XR Test Oscillator Model X772A, Serial Number 382 
Frequency: 7 . 0  to 11.0 GHz. 
CAL: 3/1/68 
CAL DUE: 6/1/68 

H. Tektronix Oscilloscope 
Type 535, Serial Number 10217 
CAL: 12/26/67 
C A L  DUE: 6/26/68 
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2.0 Test Sequence 

2.1 Radio Frequency Interference Control 

2.1.1 Radiated Interference (0.15 to 10,000 MHz) 

2.1.2 Radio Frequency Radiated Susceptibility (0.10 to 10,000 MHz) 



3.0 T e s t  Procedure 

3.1 Radio Frequency I n t e r f e r e n c e  Control 

3.1.1 

The DC Brushless Notor, Unit 159, Prototype, h e r e i n a f t e r  
as  t h e  test sample, was set up on the  ground p lane  of t h e  sh i e lded  enc los  
The test sample w a s  connected t o  +5 VDC and -19 VDC through a c i r c u i t  boa 
by means of a multiconductor cable ,  

The speed of t h e  test sample w a s  regula ted  by a c o n t r o l  u n i t  and was 
operated i n  its normal ope ra t ing  condition. The test sample w a s  i n s u l a t e d  
from t h e  ground p lane  by a non-conductive pad. 

The power supp l i e s ,  c i r c u i t  board, and t h e  con t ro l  u n i t  w e r e  sh i e lded  by 
aluminum f o i l  t o  i n s u r e  t h a t  t h e  in t e r f e rence  observed w a s  no t  emanating from 
them and t h a t  they would not be a f f ec t ed  by t h e  s u s c e p t i b i l i t y  s i g n a l s  r a d i a t e d  
a t  t h e  test sample. 

Broadband r ad ia t ed  i n t e r f e r e n c e  was measured from 0.15 t o  400 MIiz and 
a l l  f requencies  from 0.15 t o  10,000 YHz w e r e  scanned f o r  narrowband in t e r f e rence .  

3.1.2 Radio Frequency Radiated S u s c e p t i b i l i t y  (0.10 to 10,000 M H d  

The test sample w a s  subjected t o  an R-F f i e l d  i n  accordance wfth Para. 
4.4.4.2 of JPL S p e c i f i c a t i o n  30236A. 
one f o o t  from the  test sample i n  the  frequency range of 0.10 to 1,000 Miz and 
a t  t h r e e  f e e t  d i s t a n c e  i n  t h e  frequency range of 1 t o  10 GHz. The s i g n a l  was 
modulated 30X wi th  400 Hz. 

The antennas l i s t e d  below w e r e  pos i t i oned  

Freq uencx Microvolts Antenns 

0.10 to 25 MIlz 100,000 
25 to 35 MHz 100,000 
35 to 1,000 MHZ 100,000 
1,000 to  10,000 m z  100,000 

43, inch  rod 
35 I ~ Z  &ole 
Tuned Dipole 
AT-112 Antenna 

The vo l t ages  s p e c i f i e d  a r e  those which e x i s t  when t h e  gene ra to r  is 
terminated i n  its c h a r a c t e r i s t i c  impedance. 

test w a s  conducted with the  same s e t u p  descr ibed i n  Para. 3. 
u t p u t  of t h e  test sample w a s  monitored far JSRY ch 
scope. 
d b e  considered an exh ib i t i on  of suscep t ib  

Any change i n  ind ica t ion ,  mal func t i  
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4.0 Tes t  Resul t s  

4.1 Radio Frequency In t e r f e rence  Control, 

4.1.1 Radiated In te r fe rence  (0.15 to  10,000 M b )  

In te r fe rence  exceeding the  l i m i t s  shown i n  Figure 8 of JPL Spec. So. 
30236A was observed a t  0.15, 0.20, 0.30, 0.40, 0.60, 0.80, 1.0, and 2.5 MHz. 
This is shown on Data Sheet 2, Appendix A, and Figure 1, Appendix B. 

In te r fe rence  exceeding t h e  l i m i t s  shown i n  Figure 8 of JPL Spec. No, 
3023hA was observed a t  77 and 110 ?Wz. 
Appendix A,  and Figure 1, Appendix B, 

This  is  shown on Data Sheet  3 ,  

No other i n t e r f e rence  exceeding the  l i m i t s  mentioned above was observed. 
This is shown on Data Sheets  2 ,  3, and 4 of Appendix A. 

4.1.2 Radio Frequency Radiated Suscep t ib i l i t y  (0.10 to  10,090 MHz) 

No change i n  ind ica t ion ,  malfunction or degradat ion of performance was 
observed. This is shown on Data Sheet 5 of  Appendix A. 



APPENDIX A 

Data Sheets Including Sketch of 

Test Set Up and Observed Data' 
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AF'PEhVIX B 

Graphical Presentation Including Interference 

Observed and Specification limits 
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APPENDIX B 

Random Vibration 
Equa 1 iza t ion s pee trum 





APPENDIX C 

Photographs 
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MOUNT1 :NG METHODS FOR SHOCK AND VIBRATION TE 

Ax is 

X Axks 

Y Axis 



SHOCK PULSE PHOTOGRAPHS 

Calibration 

V e r t i c a l :  50 g/m 

Horiz:  0.2 m s / m  



ACCELERATION TESTING 

X Axis 

Y Axis 

Z A x i s  


